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This dissertation presents three studies that show ichnological assessment 
is a vital part of both hydrogeology and petroleum geology. Ichnological 
assessments lead to a better understanding of the effects of bioturbation on aquifer 
or reservoir quality and consequently on subsurface fluid pathways. Ichnofossils 
may be studied in both outcrop and core, making them easily accessible to most 
studies. Ichnological assessment has become increasing common in petroleum 
geology but is still overlooked in hydrogeology. 
The Trinity aquifer is a primary source of water for the San Antonio and 
Austin metropolitan areas. The Lower Cretaceous (Aptian–Albian) Lower Glen 
Rose Limestone (GRL) contains the middle Trinity aquifer and has previously 
been subdivided into six hydrostratigraphic units (HSUs). The GRL is a dual-
permeability system and fluid flow is directed through both solution-enhanced 
fractures and pervasive Thalassinoides networks. Faults and fractures in the 
region are generally vertical and allow meteoric water to enter the subsurface. 
Thalassinoides-networks are commonly filled with coarser sediment than the 
surrounding matrix and act as lateral fluid pathways between fractures. Strata with 
well-developed burrow networks (ii3–4) are the most transmissive. Heavily 
bioturbated beds (ii5–6) are homogenized and restrict fluid flow. Beds with little 
to no bioturbation (ii1–2) can transmit water only through intergranular 
permeability, which is generally low. 
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The GRL HSUs were first identified in the subsurface via core 
examination at the Camp Stanley Storage Activity (CSSA) and were then 
correlated to associated gamma-ray and resistivity logs. Resistivity logs show that 
resistance values greater than 300 Ω-m correlate with well-developed biogenic 
porosity (ii3–4) and values greater than 650 Ω-m are associated with solution 
enhancement of the Thalassinoides networks. These high resistivity zones are 
cyclical and are identified in confining units, in the absence of karstic 
development. Natural gamma-ray logs are inversely correlated to resistivity logs 
and can be used to correlate lithology. Combining resistivity and natural gamma-
ray datasets allows for the subsurface correlation of GRL fluid pathways.  
Ichnologic assessment is not limited to physical properties and can be used 
for refined paleoenvironmental and paleogeographic histories. The 
Pennsylvanian–Permian (Virgilian–Wolfcampian) Halgaito Formation (HF) is a 
succession of carbonate and siliciclastic strata in southeastern Utah. The HF has 
been the subject of differing paleoenvironmental interpretations by various 
authors. This study refines the depositional history of the HF using a combined 
ichnological, paleopedological, and sedimentological approach. This study 
indicates that the retreat of the Elephant Canyon seaway out of the Paradox basin 
was punctuated by at least four transgressions. Above these transgressive units 
paleosol development generally increases upsection and ichnofossils suggest 
better-drained conditions. The uppermost beds of the HF contain little paleosol 
development and few ichnofossils, indicating a transition to more arid conditions 
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CHAPTER 1. INTRODUCTION 
 
 This dissertation consists of three individual studies that use ichnofossils for the 
characterization of freshwater aquifers and hydrocarbon reservoirs. Ichnological assessment has 
previously been shown to be useful in aquifer and reservoir characterization (e.g., Keswani and 
Pemberton, 2007; Gingras et al., 2007; Tonkin et al., 2010), but is commonly overlooked in 
many studies. Bioturbation commonly decreases porosity and permeability in siliciclastic and 
carbonate aquifers that contain significant intergranular flow (e.g., Gingras et al., 2007; Tonkin 
et al., 2010); however, many karstic systems cannot transmit fluids through interparticle porosity 
and rely on bioturbation to create porosity and permeability (Mathews, 1967; Achauer, 1977; 
Cunningham and Sukop, 2011, 2012). It is therefore useful to assess these systems using an 
integrated approach that takes into account sedimentology, structural features, and ichnofossils.  
 Ichnofossils may also aid in the analysis of the depositional history of a deposit and 
improve the prediction of vertical and lateral facies changes, even when seismic data is limited 
 (Ekdale et al., 1984; Bromley, 1996; Hasiotis, 2006; Smith et al., 2008; Hasiotis and Platt, 
2012). Assessing the complex depositional history of reservoirs is important for understanding 
large-scale regional architectures and identifying targets for oil and gas production. In particular, 
reservoirs within continental deposits commonly contain thin beds with rapidly changing facies 
as well as subaerial exposure resulting in soil formation. Such paleosol horizons contain 
ichnofossils created by soil-dwelling organisms reacting to physicochemical factors such as soil 
moisture, temperature, seasonality, and precipitation (e.g., Hasiotis and Mitchell, 1993; Hasiotis 
et al., 1993; Hasiotis and Dubiel, 1994; Hasiotis and Platt, 2012). Due to the lateral variability of 
continental ichnofossil suites, the associated paleosols are used to put these traces into 
stratigraphic context. (Hasiotis, 2006; Smith et al., 2008; Hasiotis and Platt, 2012). 
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 Chapters 2 and 3 illustrate how ichnofossils can be used in the characterization of fluid 
pathways within a telogenetic karstic aquifer system. These two chapters include both outcrop 
and subsurface studies from the Trinity aquifer and illustrate how wide-spread Thalassinoides 
networks influence water flow within this system.  
Chapter 2 uses changes in ichnofabric index as a proxy for bioturbation within the Glen 
Rose Limestone (GRL) of south-central Texas and relates these changes to fluid flow within the 
Trinity aquifer system. Fluid pathways within the Trinity aquifer are controlled by the complex 
interaction of faults and fractures, karst development, and large-scale bioturbation-influenced 
porosity and permeability. Extensive studies have previously been conducted on the effects of 
fracturing and karst development on Trinity aquifer flow paths; however, few studies focused on 
the bioturbation-influenced porosity of this system (i.e., Cunningham and Sukop, 2012). This 
study illustrates that large-scale Thalassinoides networks within the GRL act as the primary fluid 
conduits to move water laterally between faults and fractures. 
Chapter 3 uses two GRL cores and logs from monitoring wells recovered from the U.S. 
Army’s Camp Stanley Storage Activity to characterize the effect of bioturbation on the 
petrophysical properties of the Trinity aquifer. This study focuses on resistivity and natural 
gamma-ray responses to the presence of large-scale Thalassinoides networks within the Lower 
GRL and shows that the bioturbation-influenced fluid pathways identified in Chapter 2 may be 
correlated into the subsurface via traditional geophysical logs. Additionally, this study shows that 
the identification of laterally continuous zones of bioturbation-influenced porosity will be 




Chapter 4 focuses on the larger-scale use of ichnofossils for the interpretation of 
depositional environments and refines the depositional history of the mixed carbonate and 
siliciclastic Halgaito Formation (HF) in southeast Utah in order to rectify competing 
interpretations of this system and verify its position within the stratigraphic nomenclature. Due to 
the lateral variability of continental ichnofossil suites, paleosols are used to put these traces into 
context (Hasiotis, 2006; Smith et al., 2008; Hasiotis and Platt, 2012). This study characterizes 
HF at a higher resolution than previously possible with sedimentological techniques alone and 
will aid in further developing the depositional history of the northern Paradox basin, a well-
known oil and gas producing region. 
The results of this dissertation show that ichnofossils are an important characteristic of 
many aquifers and reservoirs that is commonly overlooked in many studies. The characterization 
of fluid pathways in systems with wide-spread bioturbation often requires the integration of 
lithology, structural and karstic features, and ichnology. Such ichnological analyses can improve 
the prediction and correlation of subsurface fluid pathways and overall stratigraphic architecture 
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CHAPTER 2. BIOTURBATION-INFLUENCED FLUID PATHWAYS WITHIN A 
CARBONATE PLATFORM SYSTEM: THE LOWER CRETACEOUS (APTIAN–
ALBIAN) GLEN ROSE LIMESTONE 
 
Currently in press as: 
Golab, J.A., Smith, J.J., Clark, A.K., and Morris, R.R., 2016, Bioturbation-Influenced Fluid 
Pathways Within a Carbonate Platform System: The Lower Cretaceous (Aptian–Albian) 




The Aptian–Albian Glen Rose Limestone (GRL) is an argillaceous shallow-marine 
carbonate deposit on the Central Texas Platform and contains the upper Trinity aquifer and the 
upper part of the middle Trinity aquifer. The GRL is divided into Upper and Lower GRL 
members, which have been further subdivided into hydrostratigraphic units (HSUs). This study 
uses an integrated ichnological and sedimentological approach to record changes in ichnofabric 
index (ii) as a proxy for bioturbation within the GRL and relates these changes to fluid flow. 
Fluid pathways within HSUs are controlled by the complex interaction of faults and fractures, 
karst development, and large-scale bioturbation-influenced porosity and permeability. The effect 
of bioturbation-influenced porosity as an aquifer characteristic is the least studied of these 
factors. Postdepositional solution enhancement of ichnofossils is also common and has increased 
lateral and vertical fluid connectivity in some HSUs. Most GRL strata are dominated by 
Thalassinoides networks, but also contain Palaeophycus, Planolites, Ophiomorpha, Serpulid 
worm tubes, rhizoliths, and Cruziana. Thalassinoides are commonly filled with coarser sediment 
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than the surrounding matrix and act as fluid conduits within an otherwise low permeability 
matrix. Beds with ii3–4 and burrows with permeable fill transmit water readily. Beds with ii5–6 
are commonly muddy and heavily homogenized, restricting fluid flow. Grainstone beds 
commonly have ii1–2 and are well cemented, restricting fluid flow to low intergranular flow. 
Pore systems dominated by Thalassinoides ichnofabrics, such as the GRL, are difficult to 
characterize on a large scale using many laboratory methods because they create heterogeneous 
flow paths depending on difference in permeability between the matrix and burrow fill. 
Understanding the effects of bioturbation-influenced porosity and permeability on subsurface 




The Lower Cretaceous (Aptian–Albian) Glen Rose Limestone (GRL) forms the upper 
Trinity aquifer and the upper part of the middle Trinity aquifer in south-central Texas (TX). The 
combined Edwards and Trinity aquifer system provides the sole source of freshwater for San 
Antonio, TX, the seventh largest city in the United States, and the surrounding area (Clark, 
2003). It is, therefore, vital to create a robust geologic framework in order to understand the 
subsurface fluid pathways of the GRL for developmental planning and regulating water usage in 
south-central TX.  
Fluid pathways within the GRL are controlled by the complex interaction of faults and 
fractures, karst development, and large-scale bioturbation-influenced porosity and permeability 
(Horvoka et al., 1994). Extensive studies have been conducted on the effects of fracturing (e.g., 
George, 1952; Maclay and Small, 1976, 1986; Grimshaw and Woodruff, 1986; Maclay 1989; 
Pantea et al., 2008) and karst (e.g., Horvorka et al, 1994; Maclay, 1995; Scanlon et al., 2003; 
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Faith, 2004; Gary et al., 2013) on Edwards and Trinity aquifer quality; however, few studies 
have focused on bioturbation-influenced porosity and ichnofabrics within these systems (i.e., 
Cunningham and Sukop, 2012).  
Ichnofossils are common throughout the carbonate strata of south-central TX and are 
significant controls on fluid flow. Cunningham and Sukop (2012) showed permeability 
associated with Thalassinoides-dominated ichnofabrics controlled horizontal fluid flow within 
the overlying Edwards aquifer, where unfilled ichnofossils form interconnected fluid conduits. 
The mudstone and marl within the GRL; however, complicates such ichnofabric analysis as 
many GRL Thalassinoides are filled with carbonate mudstone to grainstone acting either as 
barriers or conduits respectively.  Dissolution of existing ichnofossils is also common in the 
GRL and may have increased the vertical and lateral fluid connectivity of some beds. Dissolution 
of material via meteoric water along fluid pathways is a prominent feature in similar carbonate 
settings (Mylroie and Carew, 1990; Cunningham et al., 2009; Wright et al., 2014) and 
dissolution of ichnofossils has been shown to increase porosity and permeability in such systems 
(Cunningham et al., 2009; Tonkin et al., 2010).   
This study uses an integrated ichnological and sedimentological approach to record 
changes in ichnofabric index (ii) as a proxy for bioturbation within the GRL and interprets how 
these changes relate to subsurface fluid pathways.  The GRL is a carbonate platform composed 
of rudist reefs and subtidal to supratidal facies assigned to the Thalassinoides ichnofacies. The 
majority of GRL strata are dominated by coarsening-upward successions of wackestone to 
packstone with some carbonate mudstone and grainstone. These successions have been 
interpreted to have been deposited by a tide-dominated system and are commonly muddy with 
low intergranular permeability. Associated rudist-dominated facies are also muddy, but contain 
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abundant fractures and have high permeability, but limited lateral extent (Petta, 1977). The GRL, 
therefore, cannot transmit fluid through interparticle porosity easily, but may rely, in part, on 
bioturbation-influenced porosity (Mathews, 1967; Achauer, 1977; Cunningham and Sukop, 
2012; Golab et al., 2015). This biogenic aspect of karstic aquifers has generally been overlooked 
in the literature (Cunningham et al., 2009; Cunningham and Sukop, 2011, 2012; Golab et al., 
2015). 
 
2.0 Geological background 
2.1 Depositional and tectonic history 
The GRL is the uppermost formation of the Lower Cretaceous Trinity Group, which is 
present across most of south-central TX (Fig. 1; von Roemer, 1852; Imlay, 1945). The Trinity 
Group is a succession of three distinct, second-order, transgressive–regressive sequences 
composed of a lower siliciclastic lowstand unit and an upper carbonate highstand unit deposited 
on the shallow-marine Central Texas Platform, which spans from the Llano Uplift southeast to 
the Stuart City Reef (Fig.1; George, 1952; Winter, 1961; Barnes, 1965; Stricklin et al., 1971; 
Inden, 1974; Bebout et al., 1977; Barnes, 1981).  The three sequences of the Trinity Group in the 
study area are: 1) the Hosston and Sligo formations; 2) the Hammett Shale and Cow Creek 
Limestone; and 3) the Hensel Sand and the Glen Rose Limestone (Fig. 2; Stricklin et al., 1971).  
The Trinity Group is overlain by the Albian Edwards Group, a 120–180 m succession of 
platform carbonates that accumulated north of the Stuart City Reef across most of central and 
southern Texas (Fig.1; Rose, 1972). The GRL forms the upper Trinity aquifer and the upper part 
of the middle Trinity aquifer, which act as a catchment for the Edwards aquifer where it is 




Figure 1. Location map showing the regional extent of the Edwards and Trinity aquifer outcrop 
and subsurface catchment area as well as the extent of carbonate platform deposition in Texas. 
Locations of the Llano Uplift and Stuart City Reef, which affected GRL deposition, are also 
shown. Approximate locations of the four measured sections and two cores used in this study are 
indicated. Regional aquifer extent modified from Blome et al. (2007); extent of carbonate 
deposition and location of regional features modified from Pittman (1989). 
The GRL is an ~120-m-thick succession of argillaceous carbonates with few beds of 
siliciclastics and is divided into two members: the Upper and Lower GRL (Lazo and Stricklin, 
1956; Carew, 1967; Stricklin et al., 1971; Scott et al., 2007). The Lower GRL is ~70-74 m thick 
within the study area and is characterized by m-scale beds of mudstone and marls alternating 
with beds of wackestone to grainstone (Clark, 2003, 2005; Clark and Morris, 2015). These beds 
are fossiliferous and commonly contain the whole or fragmentary shells of gastropods (e.g., 
Nerinea sp.; Tylostoma sp.), bivalves (e.g., Texigryphea sp.; Cucullaea terminalis), echinoids 
(e.g., Selenia sp.; Hemiaster sp.) and foraminiferans (e.g., Orbitolina sp.; Milioid sp.; Adkins, 
1928; Behrens, 1965; Clark and Morris, 2015). In some localities, Lower GRL beds grade 
laterally into discontinuous rudist facies dominated by Caprinid sp. The presence or absence of 
rudist reef facies within vertical intervals of the Lower GRL was caused by changes in regional 
seawater chemistry, as well as localized changes in depth and water currents (Petta, 1977). The 
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Lower GRL is topped by a regional “Corbula bed” (Corbula packstone–grainstone facies, this 
study), an ~15 cm marker unit dominated by the tiny bivalve Eoursivivas harveyi and commonly 
containing ripples (Scott et al., 2007; Ward and Ward, 2007). The Upper GRL is ~92–119 m 
thick in the study area and is dominated by m-scale marly–argillaceous wackstone to packstone 
beds and rare gypsum beds. The presence of evaporites is attributed to restricted circulation 
conditions shoreward of the Stuart City Reef (Fisher and Rodda, 1969). Rudist-dominated facies 
are present, but not common in the Upper GRL. 
Individual beds within the GRL are heterogeneous and vary significantly laterally and 
vertically. Stratigraphic control has traditionally been maintained using the distinct fossil beds 
such as the Corbula and Selenia marker beds (e.g., George, 1952; Whitney, 1952; Ward and 
Ward, 2007; Clark and Morris, 2015). Central Texas Platform GRL strata are characterized by 
cyclic successions of facies grading from fine-grained mudstones and wackestones to fine- to 
medium-grained packstones and grainstones (Behrens, 1965; Clark 2003, 2005). Regional 
subsurface architecture forms clinoforms that span from the Llano Uplift to the Stuart City Reef 
(Cleaves, 1977; Braun, 2011).  
All of the Trinity Group siliciclastic and carbonate units, including the GRL, were 
extensively faulted during the Miocene, creating the Balcones Fault Zone; a northeast–southwest 
trending zone of normal faults that extend from central to north Texas (Fig. 1; George, 1952; 
Horvorka et al., 1994). Miocene faulting occurred along preexisting zones of weakness in 
Paleozoic rocks along the Ouachita front (Collins, 1995). Most faults within the Balcones Fault 
Zone are high angle and form a series of en echelon fault blocks in which relay ramps are 




Figure 2. Chart summarizing the lithostratigraphy, sequence stratigraphy, and hydrostratigraphy 
of the Trinity Group on the Central Texas Platform. Hosston and Sligo formations are found only 
in the subsurface within the study area. The Pearsall Formation and Glen Rose Limestone were 
examined in outcrop and core. The overlying Edwards Group is found in some outcrops within 





The Upper and Lower GRL have been subdivided into eleven hydrostratigraphic units 
(HSUs; Fig. 2) using the porosity-based classification system defined by Choquette and Pray 
(1970). Hydrostratigraphic units are stratigraphic divisions with distinct hydrologic 
characteristics (Maxey, 1964; Choquette and Pray, 1970). This definition was developed because 
there are various factors that affect aquifer fluid flow such as lithology, sedimentary structures, 
bioturbation, and structural features (Maxey, 1964; Choquette and Pray, 1970; Clark and Morris, 
2015). The concept of HSUs was combined with the characterization of fabric and not-fabric 
selective porosity defined by Choquette and Pray (1970) for studies on the Edwards aquifer, 
which divided the Edwards aquifer into eight HSUs (I–VIII; Maclay and Small, 1976; Maclay, 
1995; Barker and Ardis, 1996; Bumgarner et al., 2012). These studies on the Edwards aquifer 
severed as the basis for the subdivision of the GRL by Clark (2003, 2004) and Clark et al., (2009, 
2014). The types of fabric-selective porosity within the GRL are in descending order of 
abundance: burrowed, bedding plane, moldic, shelter, and interparticle (Clark et al., 2009, 2014; 
Clark and Morris, 2015). The GRL also contains, in descending order of abundance, not-fabric 
selective fracture, vug, channel, cave, and breccia porosity (Clark and Morris, 2015). All of the 
tidal-dominated strata of the GRL may contain one or more of these porosity types. Porosity 
created by biologic activity (i.e., burrowed) is the least studied feature within the GRL. 
The Lower GRL was subdivided into six informal units by Blome and Clark (2014).  The 
Lower GRL HSUs were named by Clark et al. (2014) as, in ascending order: the Honey Creek, 
Rust, Doeppenschmidt, Twin Sisters, Little Blanco, and Bulverde HSUs (Fig. 2). The Upper 
GRL was informally subdivided into five HSUs by Clark (2003) and named by Clark et al. 
(2009). These five units are, in ascending order: the Lower Evaporate, Fossiliferous, Upper 
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Evaporate, Camp Bullis, and Cavernous HSUs. Water well cores and petrophysical logs 
including gamma-ray, spontaneous potential, and resistivity logs were also used to identify the 
11 HSUs in the subsurface (Blome and Clark, 2014; Pantea et al., 2014; Clark and Morris, 2015). 
Changes in well log response are relative to changes in mud content and permeability; both of 
which are affected by the amount of bioturbation, as well as epikarst and fracture development 
(Zhou et al., 2002). 
The Trinity aquifer is subdivided into the lower, middle, and upper Trinity aquifers. The 
upper Trinity aquifer is contained within the five Upper GRL HSUs (Ashworth, 1983; Clark et 
al., 2009). The middle Trinity aquifer is contained within the six Lower GRL HSUs, the Hensell 
Sand, and the Cow Creek Limestone (Ashworth, 1983; Blome and Clark, 2014; Pantea et al., 
2014). The Hammett Shale is an impermeable aquitard between the middle and lower Trinity 
aquifers. The lower Trinity aquifer is contained within the Hosston and Sligo formations 
(Ashworth, 1983).  
 Due to the mud and siliciclastic material present in the GRL, wells within the Trinity 
aquifer commonly have a lower flow rate than wells within the Edwards aquifer (Maclay, 1995; 
Mace et al., 2000). However, the Trinity aquifer covers a much larger regional extent and rapid 
development within the Texas “Hill Country” between Austin and San Antonio has brought the 
aquifer to the attention of local groundwater users, water purveyors, and resource managers 





3.1 Field methods  
Four outcrop measured sections were made across the study area, covering all HSUs 
except the Little Blanco and Bulverde HSUs, which were examined in core (Appendices I–V). 
Outcrop sections were measured with a hand level and a Jacob’s staff that was demarcated in 
decimal ft and extended up to 25 ft in length. Beds were described lithologically, 
sedimentologically, and ichnologically. Lithologies were described using the classification 
system of Dunham (1962) for carbonates, the Embry and Klovin (1971) classification for rudist 
reef material, and the Wentworth (1922) classification scale for siliciclastics. Sedimentological 
features and ichnofossils were examined and described in situ; some representative ichnofossil 
samples were collected for photographs. Ichnofossils were described using morphology, surface 
textures, and burrow fill (e.g., Pemberton and Frey, 1982; Hasiotis and Mitchell, 1993). 
Additionally, two near-complete GRL cores from Camp Stanley, San Antonio, TX (MW9-CC, 
MW5-LGR), stored at the U.S. Geological Survey’s Core Research Center in Denver, Colorado, 
were also described similarly to outcrop sections.  
Ichnofabric indices were recorded in the field and used to interpret the percent amount of 
bioturbation as defined by Droser and Bottjer (1986). Ichnofabric index (ii) is a semiqualitative 
field interpretation of the amount of bioturbation within strata. This scale rates the amount of 
bioturbation from 1–6, where ii1 is a lack of bioturbation and ii6 is sediment that has been 
completely homogenized due to biologic activity. Ichnofabric indices of individual lithologic 
beds within HSUs were compared over the entire vertical extent of the GRL.  
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 Additionally, field data collection was assisted by the use of an Apple iPad 2 loaded with 
geospatially registered 7.5-minute USGS topographic maps. Locations of visible and interpreted 
contacts, faults and fractures, marker units, and other areas of interest were recorded using the 
integrated 3G assisted global positioning system (GPS) on the iPad, which is accurate to <1.5m 
if cellular data service is present, as over most of the study area. Major lithologic contacts were 
first identified and subadjacent strata were then described. 
 
3.2 Laboratory methods 
 One hundred petrographic thin section samples were taken from core MW9-CC in Bexar 
County, TX, the approximate location of which is indicated on Figure 1. Wagner Petrographic in 
Lindon, Utah produced the thin sections which were 24x46 mm in size and impregnated with 
clear epoxy. These thin sections were used to analyze mineralogy, cementation, 
micropaleontology, and microporosity. Analysis was conducted using an AmScope T490B-MT 
digital compound trinocular microscope with an integrated digital camera for pictomicrographs. 
Additionally, each thin section from MW9-CC was point counted  using an Olympus BX53 
microscope with an automated stepper stage controlled by PetrogLite 3.0 softwareto determine 
the matrix porosity of the sample and amount of cement (Conwy Valley Systems Ltd., 2011). 
Three hundred points were counted on each section and the results are summarized in Appendix 
VI.   
Plug samples from both outcrop and core were drilled and sent to Weatherford 
International in Golden, Colorado for porosity and permeability testing via helium expansion. 
Core plugs were taken from GRL core MW5-LGR in Bexar County using a drill press with a 
diamond-tipped, 2.54 cm-diameter core bit (Appendix VI). Outcrop plugs were taken in Kendall 
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County using a cordless hand drill fitted with a 1.91 cm-diameter diamond core bit and water 
coolant tank (Appendix VI). Helium expansion testing used Boyle’s law to determine the 
porosity, permeability, and grain volume of a sample under 400 psi confining pressure (Winters 
et al., 1999). Results for porosity testing included ambient and neutron capture gamma-ray 




 In the study area, the GRL is subdivided into nine end-member lithofacies listed in 
deceasing order of relative abundance: (1) nodular and massive marly wackestone–packstone 
(Nwp); (2) cross-bedded argillaceous wackestone–packstone (Cwp); (3) fossiliferous grainstone 
(Fgs); (4) evaporitic mudstone (Ems); (5) Corbula packstone–grainstone (Cpg); (6) rudist-
dominated floatstone (Rdf); (7) rudist-dominated bafflestone (Rdb); (8) laminated calcareous 
mudstone (Lcm); and (9) carbonate-cemented sandstone (Ccs). Lithofacies characteristics are 
summarized in Table 1 and illustrated in Figures 3 and 4. The described lithofacies are specific 
to the study area and do not include the full extent of previously published depositional 
environments for the GRL (e.g., Lozo and Stricklin, 1956; Behrens, 1965; Perkins, 1974; 
Pittman, 1989; Mancini and Scott, 2006).  
 
4.2 Ichnology 
Ichnofossils are common in the GRL and are pervasive within most beds on the Central 
Texas Platform. Marine organisms react to a variety of physicochemical factors such as substrate 
composition, nutrient availability, salinity, turbidity, temperature, and oxygen (e.g., Ekdale and 
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Bromley, 1984a,b; Bromley and Ekdale, 1986; Uchman, 1995). Ichnofossils are listed in 
decreasing relative order of abundance and include: (1) Thalassinoides; (2) Palaeophycus; (3) 
Planolites, (4) Ophiomorpha, (5) rhizoliths, (6) Serpulid traces, and (7) Cruziana. The 
relationships between ichnofossils and lithofacies are summarized in Table 1. 
 
4.2.1 Thalassinoides isp. (Fig. 5A–C) 
Thalassinoides are unlined, three-dimensional boxworks of cylindrical burrows. These 
traces range from ~0.5–2.5 cm in diameter within the GRL. Some burrows are >4 cm in diameter 
due to solution enhancement in locations proximal to karstic features.  Infill of burrows is similar 
to surrounding matrix or overlying beds and may consist of mudstone or wackestone–grainstone. 
Thalassinoides in the GRL are commonly multigenerationally tiered, with burrow density 
decreasing upsection in individual beds (Bromley and Ekdale, 1986). These networks comprise 
the majority of ichnofossils in all GRL lithofacies, but are most prevalent in wackestone–
packstone facies. Cunningham and Sukop (2012) showed that abundant Thalassinoides 
ichnofabrics in the Edwards Group affected lateral fluid flow within beds, but the mudstone and 
siliciclastic sediment within the GRL complicates such direct interpretations. Computer 
modeling has also shown that Thalassinoides networks begin to continuously interconnect when 
burrows comprise as little as ~10% of the strata (La Croix et al., 2012). These Thalassinoides 
networks provide the majority of bioturbation-influenced fluid pathways within the GRL.  
 
4.2.2 Palaeophycus isp. (Fig. 5D) 
Palaeophycus are mud-lined, cylindrical burrows with infill similar to the matrix or 










Figure 3. Lithofacies of the Glen Rose Limestone within the study area. A) Weathered outcrop 
section of nodular and massive marly fossiliferous wackestone–packstone. B) Roadcut section 
showing a detailed, unweathered face of nodular and massive marly fossiliferous wackestone–
packstone. C) Outcrop of bedded and crossbedded argillaceous fossiliferous wackestone–
packstone with low-angle crossbedding. D) Close-up photograph of bedded and crossbedded 
argillaceous fossiliferous wackestone–packstone showing low angle crossbedding. E) Outcrop of 
well indurated, ledge-forming fossiliferous grainstone (arrow) with a sharp basal contact above a 






Figure 4. Lithofacies of the Glen Rose Limestone within the study area (continued). A) 
Weathered outcrop of boxwork gypsum and mudstone within evaporitic mudstone facies. B) 
Symmetrical ripples in Corbula packstone–grainstone facies. Top of bed shown in photograph is 
the contact between the Upper and Lower Glen Rose Limestone. C) Close-up photograph of 
Corbula packstone–grainstone facies showing detailed Eoursivivas harveyi shells. D) Caprinid 
sp. in life position within rudist-dominated bafflestone facies. E) Laminated calcareous mudstone 
in core MW6-LGR with convoluted laminae (arrows). F) Carbonate-cemented sandstone with 
brecciated limestone clasts (arrows). 
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is thin (~1 mm), micritic, and commonly dark yellow (Fig. 5D). Palaeophycus are commonly 
found associated with, and have similar sediment infill to, Thalassinoides networks. The infill 
within the traces shows no evidence of active backfilling such as meniscae and was likely 
deposited with overlying sediment. Palaeophycus is most often found overlaying significant 
Thalassinoides networks in beds with less bioturbation. Because of their similar morphology to 
and proximal association with Thalassinoides, these Palaeophycus were likely made by the same 
tracemakers.  Palaeophycus are commonly found above Thalassinoides networks in marly 
wacketone-packstone facies. Palaeophycus commonly have coarse-grained, permeable infill and 
likely act as fluid pathways.  
 
4.2.3 Planolites isp. (Fig. 5E–F) 
Planolities are unlined, mud-filled, cylindrical burrows oriented parallel to bedding 
planes (Fig. 5E). These burrows vary in diameter slightly along their length and range from 0.2–
1.5 cm in diameter. Planolites are commonly found isolated from Thalassinoides networks 
within beds with relatively low bioturbation. The matrix of these beds varies from mudstone to 
packstone and is commonly argillaceous, though Planolites is found associated with detrital 
conglomeratic material in one bed (Fig. 5F). Planolites have smooth walls and rarely branch or 
overlap. The infill of Planolites is muddy and distinct in color and fabric from the surrounding 
matrix and overlying units. The muddy infill of Planolites within the GRL means that they will 
act as fluid barriers. They are common in beds near the top of the Lower GRL and likely do not 






Figure 5. Ichnofossils of the Glen Rose Limestone within the study area. A) Thalassinoides 
network with packstone infill dominated by skeletal grains of the foraminfera Orbitolina texana. 
Matrix around the burrows has been weathered out following exposure, but was originally 
mudstone. B) Solution-enhanced Thalassinoides network with packstone infill within a 
wackestone matrix (arrows). Packstone infill is fossiliferous and similar to overlying 
wackestone–packstone strata.  C) Thalassinoides network with solution-enhanced open burrows 
throughout the strata. D) Palaeophycus with packstone infill and a distinct, brown-tan oxidized 
mud lining. Found in association with Thalassinoides networks. E) Planolites with distinct, light-
colored mudstone infill oriented parallel to bedding surface within a wackstone matrix. F) 
Planolites with distinct, light-colored mudstone infill (arrow) within a conglomeratic matrix 




Figure 6. Ichnofossils of the Glen Rose Limestone within the study area. A) Ophiomorpha within 
a packstone matrix with similar packstone infill. Pellets are visible around the burrow (arrow) B) 
Ophiomorpha with branching networks and weathered-out matrix due to subaerial exposure. C) 
Serpulid tube on a bivalve shell showing typical coiled morphology. D) Thin-section 
pictomicrograph of a serpulid tube from core MW9-CC showing cement coating and laminated 
mud infill. Growth of sparry cement acts as a geopetal (arrow). E) Rhizolith and rhizohalo within 
a highly bioturbated (ii5) marly wacketone. F) Spherical rhizocretions formed around roots and 
root hairs indicating abundant plant growth during subaerial exposure (arrows). G) Cruziana 
oriented along a bedding surface and indicating firmground–hardground conditions. This 
Cruziana is ~13.0 cm wide and ~59.3 cm long; lens cap is 5.7 cm in diameter. 
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 4.2.4 Ophiomorpha isp. (Fig. 6A–B) 
Ophiomorpha are pellet-lined, cylindrical burrows that may branch and range from 2.5–
3.0 cm in diameter (Fig. 6A).  Burrow infill is similar to surrounding matrix and pellets are  
composed of mud, but may contain various small clasts. Ophiomorpha are commonly 
horizontally-oriented, found associated with Thalassinoides networks, and may grade into 
unlined burrows within units. Similar to Thalassinoides, Ophiomorpha may branch and be 
multigenerationally tiered (Fig. 6B; Bromley and Ekdale, 1986). These ichnofossils are found 
within higher-energy crossbedded wackestone-packstone facies in the Upper GRL and within 
units with larger clast sizes on average. These traces were likely made by the same tracemaker as 
Thalassinoides and Palaeophycus. The mud pellets are simple peloids and are created by the 
tracemaker to increase the structural integrity of the burrow (Uchman, 1995; Vaziri and Fürsich, 
2000). Many Thalassinoides burrows within the GRL may have originally been Ophiomorpha, 
but have been altered by subsurface and meteoric water flow, removing evidence of the pelleted 
lining (Bromley and Frey, 1974; Myrow, 1995). Also similar to Thalassinoides, these traces 
likely act as significant fluid pathways in both the Upper and Lower GRL, particularly within 
crossbedded strata. Additionally, Ophiomorpha-dominated ichnofabrics have been shown to be 
the primary hydrologic driver of the similar karstic Biscayne aquifer of southern Florida 
(Cunningham et al., 2009) 
 
4.2.6 Serpulid tubes (Fig. 6C–D) 
Serpulid tubes are carbonate cement-lined, cylindrical, coiled tubes filled with mudstone 
that are oriented parallel to bedding planes. Single tubes may be tens of cm long and may coil on 
themselves several times (Fig. 6C). The tubes have a distinct brown-tan color with transverse 
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striations and mud infill that is concentrically laminated (Fig. 6D). Serpulid tubes are commonly 
found attached to bivalve and gastropod shells. The tubes may have been filled with sediment 
after burial and the presence of sparry infill acts as a geopetal in thin section (Fig. 6D). Similar 
modern tubes are created by annelid worms of the genus Serpula (Vinn et al., 2008). These tubes 
are found within muddy, fossiliferous units that consist primarily of nodular marly wackestone 
and packstone and play a very minor role in fluid flow.  
 
4.2.5 Rhizoliths (Fig. 6E–F) 
Root traces have several different forms within the GRL, and include rhizoliths, 
rhizohaloes, and rhizocretions. Generally, these are tapered traces that extend downward from 
subaerial exposure surfaces into underlying strata and may crosscut underlying bedding surfaces. 
True rhizoliths are found in muddy units and have distinct downward tapering morphologies and 
wood-like textures in cross-section (Fig. 6E). Some rhizoliths have a light-colored rim around 
the entire structure called rhizohaloes (Fig. 6E). Some beds show light colored discoloration 
interpreted to be rhizohaloes with no remaining fossilized woody material. Rhizocretions have a 
nodular texture that appears as interlocking and overlapping spheres that contain root hair traces 
in cross section (Fig. 6F). Nodular beds showing rhizocretions are typically <0.5m thick.  
Rhizoliths are associated with only insipient soil development in the study area, but enough 
development to concentrate clay minerals via illuviation in subaerially exposed horizons (Kraus 
and Hasiotis, 2006; Smith et al., 2008; Hasiotis and Platt, 2012). Beds and surfaces suggesting 
subaerial exposure and showing rhizoliths are rare in the study area, but previous studies have 
shown that such beds increase in abundance northward on the Central Texas Platform (Lozo and 
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Stricklin, 1956; Perkins, 1974; Ward and Ward, 2007). Rhizoliths are therefore potential 
hydrologic indicators as the increased amount of clay may act as a barrier to fluid flow. 
 
4.2.7 Cruziana isp. (Fig. 6G) 
Cruziana are bilobate furrows with a medial ridge and transverse, ridged striations that 
gently curve back away from the direction of travel. Cruziana traces in the GRL average ~13 cm 
wide and range from 47.4–59.3 cm long (Fig. 6G). These furrows are ~2–3 cm deep with 
preserved mounding and drag marks along the sides of trace. All observed Cruziana are 
associated with crossbedded wackestone–packstone at a single location in Comal County and 
several of the traces overlap on a single bedding surface. Other ichnofossils, such as 
Thalassinoides, are relatively rare in the associated strata. The tracemaker for these Cruziana in 
the GRL has previously been interpreted as horseshoe crabs (Ward and Ward, 2007). This study; 
however, interprets the tracemaker as a different large arthropod or possible isopod because 
horseshoe crab trackways generally lack distinct scratch marks such as the curved striations seen 
in these trackways, but commonly have individual limb traces (Babcock et al., 2000). Although 
these traces are associated with otherwise transmissive facies, the location of these trackways 
along bedding planes and their limited preserved extent indicates that these ichnofossils have no 
effect on fluid flow. 
 
4.3 Ichnofabric index analysis 
 The GRL is muddy and has low intergranular porosity; therefore, fluid pathways are 
often larger-scale features such as faults and fractures, ichnofossils, and molds.  Ichnofabric 
indices (ii), as a measure of ichnofossil density and overall bioturbation, can be used as 
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hydrologic indicators within the GRL and similar karstic aquifers (Fig. 7). An ii1 unit will have 
no bioturbation (Droser and Bottjer, 1986) and fluid flow will be restricted to intergranular 
porosity if faults and karstic development are not present. Beds with ii2 have less than 10% of 
their total volume bioturbated; such beds within the GRL commonly contain Palaeophycus, 
Planolites, and visible sedimentary structures (Fig. 7A). Beds with ii3 have 10–40% percent of 
their total volume bioturbated; most GRL ii3 beds are dominated by Thalassinoides networks 
and have few to no visible sedimentary structures (Fig. 7A). Beds in the GRL that are ii4 have 
40–60% of their total volume bioturbated, are dominated by Thalassinoides networks, and 
generally have no sedimentary structures visible (Fig. 7B). Beds with ii5 have over 60% of their 
volume bioturbated; some individual Thalassinoides are visible within these beds (Fig. 7C). Beds 
that are completely homogenized and nodular in appearance are assigned to ii6 and dominated by 
cryptobioturbation (Fig. 7D).  
 Thalassinoides-dominated ichnofabrics become interconnected throughout beds at ii3 and 
above (La Croix et al., 2012). Beds within the wackstone-packstone facies in the GRL that have 
ii3–4 contain Thalassinoides networks that may act as fluid pathways. In fine-grained facies; 
however, Thalassinoides are often infilled with mud and do not increase overall porosity. Beds 
that are ii5–6 are generally homogenized and do not transmit fluids easily. Ichnofabric index 
must therefore be examined in conjunction with lithology, porosity, and permeability 
characteristics of strata to infer whether beds are transmissive or confining. The ii trends, 
porosity characteristics, and interpreted transmissivity within the individual HSUs of the Lower 






Figure 7. Model of ichnofabric index (ii) progression in Thalassinoides-dominated Glen Rose 
Limestone strata based on the scheme of Droser and Bottjer (1986). A) Top shows a single bed 
with ii2 and Palaeophycus and bottom shows the development of an untiered Thalassinoides 
network with ii3. B) Bed with ii4 and interconnected Thalassinoides network. C) Further 
development of a tiered Thalassinoides network over time leading to ii5 and nodular bedding. D) 
Further development of Thalassinoides networks leading to completely homogenized sediment 
with ii6 
 
4.3.1 Lower Glen Rose Limestone 
 The Lower GRL is primarily characterized by coarsening-upward successions of marly 
wackestone to packstone facies that grade laterally into discontinuous rudist-dominated 
bafflestone and floatstone facies (Fig. 8). The Lower GRL has been subdivided into six HSUs, 
which have been designated as either transmissive or confining based on porosity characteristics, 
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as well as lithology (Table 1; Clark et al., 2014; Clark and Morris, 2015). Generally, transmissive 
units have been defined based on the presence of wide-spread fracture porosity and karstic 
development; however, trends in bioturbation-influenced porosity can also be seen in these units 
(Clark et al., 2014) The Lower GRL includes, from stratigraphically lowest to highest, the Honey 
Creek, Rust, Doeppenschmidt, Twin Sisters, Little Blanco, and Bulverde HSUs. 
Transmissive HSUs—Lower GRL transmissive units include the Honey Creek, 
Doeppenschmidt, and Little Blanco HSUs. These HSUs consist of tidal-dominated, m-scale 
successions of coarsening-upward nodular and massive marly wackestone–packstone beds with  
ii4–5 and some identifiable Thalassinoides networks (Table 2; Fig. 9).  These successions grade 
upsection into marly wackestone–packstone with ii3–4 characterized by open and wackestone–
packstone-filled Thalassinoides networks. Some beds of laminated calcareous mudstone with ii1 
are located at the base of successions and grade upsection into the more typical nodular 
wackestone with ii4–5 (Table 2; Fig. 9).  In some locations, transmissive HSUs grade laterally 
into discontinuous patch reefs consisting of rudist-dominated floatstone and bafflestone having 
ii1–ii2, with some Planolites observed in the mudstone matrix of floatstones. Although the tidal-
dominated strata of transmissive HSUs have less permeability than the rudist facies, 
bioturbation-influenced porosity is likely connected throughout the units and is a major 
component of this unit’s transmissivity. 
 While transmissive strata share the above characteristics, unique features are observed in 
each HSU. The bottom ~6.7 m of the Honey Creek HSU (Fig. 9) consists of the typical 
successions described; however, the top ~3 m of the unit has lower ii and consists of interbedded 
laminated calcareous mudstone and nodular wackestone with ii1–2 and containing Palaeophycus 
with some Thalassinoides networks. While defined as a transmissive unit, most of the  
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bioturbation-influenced porosity of the Honey Creek HSU appears to be restricted to the bottom 
6.7 m of the unit in beds with ii3–4. Most fracture and karstic development also appears in the 





Figure 8. . Chart showing overall dataset for the Glen Rose Limestone within the study area 
including: composite stratigraphic section, porosity and permeability data from He-expansion 
testing, matrix porosity from point counted data. Hydrostratigraphic units are designated as either 
transmissive (T) or confining (C) according to Clark (2003) and Clark and Morris (2015). 
Porosity and permeability data from He-expansion testing in Lower Glen Rose Limestone core 
MW5-LGR modified from Blome and Clark (2014). Uppermost Cavernous hydrostratigraphic 
unit not shown on column as it is not present in outcrop within the study area. 
also consists of wackestone–packstone facies typical of transmissive units, but contains less mud 
than the Honey Creek HSU and should have higher permeability as a result (Fig. 8). The Little 
Blanco HSU contains some successions that grade upward into crossbedded wackestone–
packstone with ii1–2. Therefore, fluid flow is restricted to intergranular porosity and is low in 





Figure 9. Stratigraphic column from the Lower Glen Rose Limestone (GRL) Honey Creek 
hydrostratigraphic unit in Hays County, Texas showing the typical coarsening-upward 
successions and ichnofabric index (ii) patterns seen in Lower GRL transmissive units. 
Interpretations of fluid-flow characteristics shown under Hydrostratigraphy. 
 




Confining HSUs— Lower GRL confining units consist of the Rust, Twin Sisters, and 
Bulverde HSUs (Fig. 8). Confining HSUs usually consist of m-scale beds of nodular, marly 
wackestone with ii5–6 that are thoroughly homogenized by pervasive cryptobioturbation with 
some identifiable Thalassinoides (Table 2; Fig. 10). Unlike transmissive HSUs, confining units 
generally do not display coarsening upward trends, contain more mud, and show less fracture 
porosity.  Similar to transmissive units, confining HSUs in some locations grade laterally into 
discontinuous patch reefs consisting of rudist-dominated floatstone and bafflestone having ii1–
ii2 (Fig. 8). These patch-reefs have high moldic and fracture porosity, but because of their lateral 
isolation within otherwise confining strata they cannot transmit water within the HSU. These 
patch reefs may; however, transmit water vertically between transmissive units (Hunt and Smith, 
2010).  
While the Twin Sister HSU is typical of these confining units (Fig. 10), the Rust HSU 
displays some coarsening upward successions similar to transmissive units. Burrow infill in the 
Rust HSU ranges from wackestone–packstone, and the uppermost beds contain Palaeophycus 
and mud-filled Planolites. These mud-filled ichnofossils in the Rust HSU do not increase 
bioturbation-influenced porosity as much as seen in transmissive units. The Bulverde HSU is 
complex—it consists mainly of coarsening-upward successions of nodular and crossbedded 
wackestone–packstone with overall well-developed bioturbation-influenced porosity (ii4-5) 
similar to transmissive units.  However, it contains interbedded laminated calcareous mudstone 
intervals (ii1) at the base and is capped by Corbula packstone–grainstone (ii1), both of which 
severely restrict fluid flow. Although the Bulverde HSU has been classified as a confining unit, 






Figure 10. Stratigraphic column from the Lower Glen Rose Limestone (GRL) Twin Sisters 
hydrostratigraphic unit from core in northern Blanco County, Texas showing the typical marly 
sedimentation and ichnofabric index (ii) patterns seen in Lower GRL confining units. 
Interpretations of fluid-flow characteristics shown under Hydrostratigraphy. 
transmit significant amounts of water. Thus, the Bulverde HSU may be better classified as a 




4.3.2 Upper Glen Rose Limestone 
 The Upper GRL primarily consists of coarsening upward successions of marly 
wackestone to packstone facies similar to the Lower GRL, but contains abundant evaporites and 
few rudist dominated patch reefs (Table 2; Fig. 8). Conditions during the deposition of the Upper 
GRL appear to have never fully returned to the normal marine conditions seen in the Lower GRL 
after the deposition of the Corbula bed (Fisher and Rodda, 1969). The Upper GRL has been 
subdivided into five HSUs: the Lower Evaporite, Fossiliferous, Upper Evaporite, Camp Bullis, 
and Cavernous HSUs (Clark, 2004; Clark et al., 2009). Transmissive HSUs are associated with 
significant evaporitic beds and karstic development. Confining units in the Upper GRL are 
lithologically and ichnologically similar to transmissive units in the Lower and are interbedded 
with the karstic transmissive units. 
Transmissive HSUs—Upper GRL transmissive units include the Lower Evaporite, Upper 
Evaporite, and Cavernous HSUs. These Lower Evaporite and Upper Evaporite HSUs are each ~3 
m thick and characterized by evaporitic mudstone with ii1–2 and pervasive dissolution features 
in both evaporites and carbonates (Table 2). Both the Lower and Upper Evaporite HSUs also 
contain significant moldic porosity and karstic development from the dissolution of evaporitic 
minerals (Clark, 2004; Clark et al., 2009). These Evaporite HSUs were deposited in brackish 
conditions preventing wide-spread bioturbation in this unit (Fisher and Rodda, 1969).  
The Cavernous HSU overlies the Camp Bullis HSU and is highly transmissive because of 
significant karstic and cave features present in the subsurface (Clark, 2004). Defined in core and 
through geophysical analysis (Clark, 2004) in northern Bexar County, TX (see Fig. 1), the 
Cavernous HSU is typically less than 10.5 m thick, has a limited lateral extend and is not present 
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at the surface through most of the study area.  This HSU consists of marly wackestone–
packstone successions similar to transmissive units in the Lower GRL, but has been significantly 
faulted and fractured. The high permeability of the overlying Edwards Group has introduced 
meteoric water into these faults and fractures creating karstic features (Smith et al., 2005; Clark, 
2004).  Pervasive solution enhancement has destroyed most evidence of bioturbation in this unit, 
particularly in close proximity to faults and fractures.  Within the GRL, the Upper GRL HSUs 
display more solution enhancement due to the high infiltration rates of the overlying Edwards 
aquifer (Maclay, 1995; Smith et al., 2003; Clark, 2004). The steep, near vertical orientation of 
the Balcones Fault Zone faults has allowed for the introduction of meteoric water deep within the 
aquifer, which has infiltrated laterally from the faults following interconnected Thalassinoides 
networks and other ichnofossils and molds within the GRL. 
Confining HSUs—The Upper GRL confining units are the Fossiliferous and Camp Bullis 
HSUs (Fig. 8). Similar to Lower GRL transmissive units, the Fossiliferous and Camp Bullis 
HSUs consist of coarsening-upward successions that grade from nodular, marly wackestone with 
ii5–6 dominated by pervasive cryptobioturbation to marly wackestone–packstone with ii3–4 and 
pervasive Thalassinoides networks (Table 2; Fig. 11). These Thalassinoides are commonly 
infilled with wackestone–packstone from overlying units. Additionally, sequence bases may 
contain thin beds of laminated calcareous mudstone with ii1. These HSUs share many 
similarities with the transmissive units of the Lower GRL and contain well-developed burrow 
and bedding-plane porosity with some fracture development (Fig. 11; Clark, 2004; Clark et al., 
2009). These units, however, are significantly less permeable than the evaporitic and Cavernous 
HSUs because of their mud content and lack of dissolution features and fractures (Clark, 2004; 




Figure 11. Stratigraphic column from the Upper Glen Rose Limestone (GRL) Camp Bullis 
hydrostratigraphic unit (HSU) in Kendall County, Texas showing the typical coarsening-upward 
successions and ichnofabric index (ii) patterns seen in Upper GRL confining units. These units 
have been described in this report as “semi-confining”. Interpretations of fluid-flow 
characteristics shown under Hydrostratigraphy. 
The Fossiliferous HSU is fairly muddy but coarsening-upward patterns of successions are 
observed, unlike most confining units in the Lower GRL. This HSU contains significant moldic 
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porosity due to the dissolution of shell material, as well as well-developed bioturbation-
influenced porosity. This unit, however, does not transmit water as readily as the overlying and 
underlying evaporite units. Numerous seeps and springs are found at the top of this unit, 
indicating diverted flow of meteoric, similar to confining units in the Lower GRL. The 
Fossiliferous HSU does grade laterally into rudist patch reef strata with high fracture and moldic 
porosity in northern Bexar County.  
The Camp Bullis HSU (Fig. 11) contains less mud than the other HSUs and successions 
within it grade from typical cryptobioturbated beds seen in the Fossiliferous HSU to marly 
wackstone–grainstone with ii3–4 with abundant Thalassinoides and Ophiomorpha. The 
grainstone at the top of many of these successions shows some crossbedding and has ii1 and is 
well-cemented leading to low intergranular porosity. Similar to transmissive units in the Lower 
GRL, the muddier ii5–6 beds at the base of successions in the Camp Bullis HSU likely prevent 
significant vertical fluid flow but water is transmitted laterally in overlying beds with ii3–4 to 
seeps and springs and to fractured areas. 
The Fossiliferous and Camp Bullis HSUs have previously been defined as confining units 
because of diversion of ground and meteoric water seen at the surface of these units (Clark, 
2004; Clark et al., 2009).  This is likely because of the comparatively high permeability seen in 
the evoporitic and Cavernous HSUs, as well as the large amount of meteoric water that can 
quickly infiltrate the overlying Edwards Group. However, the similarity of these two units both 
ichnologically and lithologically to Lower GRL transmissive units and well developed porosity 
likely allows for the transmission of significant amounts of water. These two units may; 




4.4 Solution enhancement of ichnofossils 
Solution enhancement in the GRL has increased connectivity of fractures and burrows 
and caused autoclastic brecciation and cavern development in many cases. Multiple stages of 
solution enhanced features are preserved and forming in the GRL (Fig. 12).  In the typical 
coarsening upward sequence, most ichnofossils are filled with sediment sourced from overlying 
strata that is coarser than the surrounding matrix. This initial condition is shown in figure 12 
(T1). This focuses water flow, particular from meteoric water, through the ichnofossil networks 
and will dissolve the matrix surrounding the burrow over time (Fig. 12; T2). Meteoric water is 
not in equilibrium with the carbonate content of the surrounding matrix and will thus widen and 
further interconnect the burrow networks across the three-dimensional extent of the bed (Fig 12; 
T3). These solution-enhanced burrow networks may subsequently either be filled with sediment 
(Fig 12; T4a) or continue to have the matrix dissolved by infiltrating meteoric and ground water 
(Fig. 11; T4b). If exposed, infilled solution enhanced burrows may weather differentially from the 
surrounding matrix and be preserved in positive relief (Fig. 12; T5a).  Alternatively, dissolution 
may continue until the matrix cannot support the overburden and the sediment compacts, 
evidenced by a bed of brecciated sediment (Fig. 11; T5b). 
Solution enhancement features are most significant in the GRL within close proximity to 
faults and fractures and in beds associated with karstic development.  The Upper GRL HSUs are 
more solution enhanced than Lower GRL HSUs due to the high infiltration rates of the overlying 
Edwards aquifer (Hanson and Small, 1995; Maclay, 1995; Clark, 2004). The near vertical faults 
of the Balcones Fault Zone transmitted meteoric water into the subsurface where it infiltrated 





Figure 12. Diagram showing the progression of solution enhancement within the GRL. T1) The 
initial condition of coarse-grained infilled Thalassinoides (Th) and Palaeophycus (Pa). T2) 
Introduction of meteoric water begins to dissolve the matrix surrounding the burrows and 
dissolve infill. T3) Dissolution of matrix material interconnects burrow networks across the 
three-dimensional extent of the bed.  T4a) Solution-enhanced burrow networks filled with 
sediment being moved by groundwater flow and cemented. T4b) Cemented, solution-enhanced 
burrows weather differentially from the surrounding matrix and are preserved in positive relief. 
T5b) Continued dissolution of matrix surrounding burrows from meteoric water thins rock 
between networks. T5b) Weight of overburden collapses strata and creates a brecciated bed. 
 
5.0 Discussion 
 Ichnologic assessment is important in aquifer and reservoir characterization, however, 
most studies have been conducted in siliciclastic units (e.g., Keswani and Pemberton, 2007; 
Tonkin et al., 2010; Gingras et al., 2012). Bioturbation commonly decreases porosity and 
permeability in both siliciclastic and carbonate aquifers that contain significant intergranular 
flow (e.g., Gingras et al., 2004; 2012). Karstic aquifers such as the Edwards and Trinity Groups; 
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however, cannot transmit significant quantities of fluid through interparticle porosity and rely on 
bioturbation to create porosity and lateral fluid pathways (e.g., Mathews, 1967; Gingras et al., 
1999; Cunningham and Sukop, 2011; Baniak et al. 2013; Golab et al., 2015). Although previous 
authors have conducted ichnological assessment of some carbonate hydrocarbon reservoirs (e.g., 
Gingras et al., 1999, 2004; La Croix et al., 2012; Baniak et al., 2013), the biogenic aspect of 
karstic aquifers has been overlooked in the literature (Cunningham et al., 2009; Cunningham and 
Sukop, 2011, 2012; Golab et al., 2015; Clark et al., 2016).  The GRL is a dual-permeability 
system and absent fracture and karstic porosity, ichnofossils with coarse-grained infill are the 
primary fluid pathways throughout most strata and are a significant factor in directing water 
between major faults and karstic features. All GRL beds have been shown to produce hydraulic 
head in water wells, even those that have been classified as confining and lack significant karstic 
features (Clark, 2003; Hunt and Smith, 2010). 
 
5.1 Glen Rose Limestone depositional environment 
The development of Thalassinoides networks is particularly common and abundant in 
tidal-dominated carbonate platform strata (e.g., Myrow, 1995). Common Thalassinoides 
tracemakers in modern carbonate settings include Callianassa sp., decapod crustaceans and other 
arthropods (Sheehan and Schiefelbein, 1984; Myrow, 1995). Similar to Thalassinoides, 
Ophiomorpha is common in high-energy, shallow marine systems (Uchman, 1995). 
Ophiomorpha are often found associated with rapid deposition in a high-energy, wave-
dominated environment. 
 The Lower GRL was deposited in shallow subtidal–supratidal environments with some 
terrestrial input. Diversity of the fossil assemblage indicates normal ocean salinity (Behrens, 
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1965). The presence of dasycladaceae algae in thin section indicates < 30 m of water depth 
during deposition (Riding, 2007). Root traces and terrestrial plant material found in some beds 
indicate that sea-level fluctuated enough to subaerially expose the sediment at times during 
deposition. Siliciclastic material was sourced from the Llano Uplift by fluvial systems (Behrens, 
1965), though freshwater input does not appear to have been significant enough to create 
widespread brackish conditions and decrease faunal diversity (Cleaves, 1977). The Lower GRL 
is capped by the regional Corbula bed in which the lack of fossil diversity has been previously 
interpreted to indicate highly restricted conditions behind the Stuart City Reef, leading to 
hypersaline conditions (Behrens, 1965). This restriction was likely caused by a significant drop 
in sea level, completely isolating the Central Texas Platform from oceanic water input leading to 
brackish conditions (Behrens, 1965).   
The Upper GRL is characterized by higher depositional energy facies and evaporites. 
Restricted conditions on the landward side of the Stuart City Reef likely became widespread 
during the deposition of the Corbula packstone-grainstone facies (Fisher and Rodda, 1969). The 
laterally extensive evaporite units in the Upper GRL correlate to unconformities on reef deposits 
to the south and southeast (Bebout et al., 1977; Schlager, 1989). Regional evaporitic conditions 
created the Lower and Upper Evaporite HSUs of the Upper GRL. 
Rudist-dominated facies were deposited as isolated patch reefs. These rudist-dominated 
patch reefs are common in the Lower GRL and rare in the Upper GRL. These reefs have a 
limited lateral extent of less than 300 m across (Petta, 1977). The talus slopes of rudist patch 
reefs commonly form on top of packstones and grainstones that are deposited laterally from the 
associated reef. Previous studies on rudist reefs in the GRL showed that Caprinid sp. likely 




5.2 Hydrologic effects of Thalassinoides-dominated ichnofabric 
Strata within the GRL contain significant amounts of mud and cement, leading to low 
intergranular porosity. Faults and karstic features have created most of the vertical fluid 
pathways within the Trinity aquifer and allow meteoric water to enter the subsurface (e.g., 
George, 1952; Maclay and Small, 1976; Horvorka et al, 1994; Faith, 2004; Pantea et al., 2008). 
Lateral fluid flow within beds; however, is more difficult to characterize and is primarily 
controlled by Thalassinoides networks. Baniak et al. (2013) showed that Thalassinoides-
dominated ichnofabrics are more commonly interconnected horizontally and only become 
vertically connected throughout a stratum after pervasive bioturbation. Such Thalassinoides-
dominated ichnofabrics act as conduits for fluids in the absence of faults or karstic development. 
These ichnofossils were also the precursor to most vug and channel porosity due to solution-
enhancement of burrow networks, and facilitated the development of widespread moldic 
porosity. 
La Croix et al. (2012) showed that Thalassinoides networks begin to become 
interconnected throughout the three-dimensional extent of a stratum at ii3 and above. This model 
matches well with the ichnofabric index trends seen in this study, where ii3–4 beds in the GRL 
are interpreted to be the most transmissive units. In Thalassinoides-dominated ichnofabrics 
lateral connectivity may exist at ii3, though vertical connectivity is generally only associated 
with ii5 and above (Baniak et al., 2013). Cunningham and Sukop (2012) showed that the 
Thalassinoides-dominated ichnofabrics of the overlying Edwards aquifer significantly increase 
permeability; however, the amount of mud and heterogeneity observed in the GRL makes this 
correlation less direct. Defining fluid pathways within the GRL requires the combined use of 
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ichnofabric indices, lithology, and structural features. Each of the eleven GRL HSUs is unique, 
but most transmissive units show similar trends within beds of upward coarsening in grainsize 
and decreasing ichnofabric indices (Fig. 9–10). 
While each HSU displays some distinct hydrologic characteristics, most contain 
successions of decreasing-upward ii and show that biogenic fluid flow is restricted on a smaller 
scale within each GRL fifth-order sequence (Table 2; Figs. 9 and 11). The bases of successions 
are commonly muddy and consist of nodular strata with ii5–6. The ichnofossils at the bases of 
successions are dominated by multigenerationally tiered Thalassinoides networks. Much of the 
nodular appearance of these basal beds is attributed to cyrptobioturbation. The middle portions of 
successions are commonly characterized by strata with ii3–4 composed of Thalassinoides 
networks as well as Ophiomorpha, and occasional Palaeophycus and Planolites. These zones 
with ii3–4 are the most prominent area of biogenic fluid flow within the GRL as they are both 
interconnected throughout the strata and are commonly filled with infill coarser-grained than the 
surrounding matrix (La Croix et al., 2012; Baniak et al., 2013). The tops of successions may 
consist of massive to crossbedded packstone–grainstone with ii1–2 and contain Palaeophycus 
and Planolites as dominant traces. Fluid flow within these upper, low ii strata is restricted to 
intergranular pore space. While these upper beds contain less mud, they have significant amounts 
of sparry cement; therefore, permeability is still low. 
 
5.3 Quantifying the hydrologic characteristics of dual-permeability systems  
Quantifying changes in aquifer permeability and porosity is difficult as most available 
laboratory methods, such as point-counting and helium-expansion porosity testing, were 
developed to measure intergranular pore space of the matrix material and do not accurately 
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characterize the large-scale fluid pathways seen in the GRL (Fig. 8 and Table 1). No direct 
correlation could be observed between point-counted matrix porosity and the larger-scale 
hydrologic trends observed within the HSUs (Appendix VI). Average porosity from point counts 
averaged only 5.27%, and showed no significant difference between different facies. Helium-
expansion porosity and permeability are also limited to small-scale matrix and fracture porosity, 
but some observable trends could be seen between lithofacies (Appendix VI). The results from 
the helium expansion testing averaged 17.6% porosity and 14.6 mD permeability. Crossbedded 
wackestone–packstone (0.69 mD) and evaporitic units (0.049) have the lowest measured 
permeability whereas fossiliferous grainstone (39.4 mD) has the highest. 
The hydrologic flow observed in the GRL (Hunt and Smith, 2010) is at least 3 orders of 
magnitude greater than can be explained by permeability values measured from helium 
expansion and point counting of the matrix.  The most extreme example of this is within the 
Lower and Upper Evaporite HSUs, which are interpreted to have the highest permeability in the 
GRL based on fluid flow, but contain the lowest measured helium expansion permeability 
values. This discrepancy in the Evaporite HSUs is likely due to abundant fractures. The other 
HSUs within the GRL; however, are dominated by ichnofossils instead of fractures. Unlike 
fracture-dominated dual-porosity systems, bioturbation-influenced pore systems are more 
heterogeneous and create variable flow depending on the difference in permeability between the 
matrix and burrow fill (Gingras et al., 1999; Baniak et al., 2013). 
Studies by Cunningham et al. (2009) and Cunningham and Sukop (2011) on the karstic 
Biscayne aquifer of southern Florida used x-ray tomography scans of full-diameter core samples 
(~10 cm diameter) to measure the porosity of large-scale burrow networks. These studies then 
used lattice Boltzmann equations to estimate vertical and lateral permeability (Cunningham et 
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al., 2009). Although such datasets are, as of yet, unavailable for this study, the lithological and 
ichnological similarity of the GRL with the Biscayne aquifer means that values for the large-
scale burrow permeability can be approximated for GRL strata.  Cunningham et al. (2009) and 
Cunningham and Sukop (2011) estimated permeability values greater than five orders of 
magnitude higher than any previous study on the Biscayne aquifer system. Strata with ii3 were 
shown to have an average permeability of 8.2 x 107 mD, ii4 units averaged 2.7 x 109 mD, and ii5 
strata averaged 8.6 x 109 mD (Cunningham et al., 2009). Although these numbers cannot be 
directly related to the GRL because the Biscayne aquifer’s Ophiomorpha-dominated strata 
contain less mud and siliciclastic material, they illustrate the effect large-scale bioturbation-
influenced porosity can have on karstic aquifer systems and may be used as a template for future 
studies on the Edwards (Cunningham and Sukop, 2012) and Trinity aquifers. Furthermore, the 
Biscayne may be more lithologically and ichnologically similar to the Edwards Group, as both 
contain less mud and siliciclastic content than the GRL. 
 
5.4 Solution-enhancement and karstic development     
  The solution enhancement of ichnofossils has also played a role in the development of 
GRL fluid flow.  Introduction of meteoric water likely began with the exhumation of strata along 
the normally faulted Balcones Fault zone during the Miocene (Horvorka et al. 1994; Clark et al. 
2009).  Solution enhancement by dissolution of material in contact with fluid pathways is a 
prominent feature in carbonate systems (e.g., Mylroie and Carew, 1990), and many GRL fluid 
pathways show evidence of having been enhanced by meteoric and groundwater flow. 
Dissolution in pre-existing three-dimensional geometric patterns of ichnofossils has significantly 
increased the lateral and vertical permeability of most transmissive HSUs by further 
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interconnecting Thalassinoides networks and widening fluid pathways. Within areas where such 
dissolution is extensive, complete dissolution of ichnofossils results in the formation of karstic 
features. 
Karstic development, while primarily controlled by faulting and fracturing (Horvorka et 
al, 1994; Maclay, 1995; Faith, 2004), is influenced also by the presence or absence of 
ichnofossils (Keswani and Pemberton, 2007). Hydrostratigraphic units within the GRL that 
contain significant fault and fracture porosity have commonly been defined as the most 
transmissive (Clark, 2003, 2005; Clark et al., 2009; Clark and Morris, 2015). Additionally, 
karstic features associated with fractures are significant fluid pathways and catchments (Clark, 
2003, 2005; Faith, 2004; Pantea et al, 2014). Beds with well-developed biogenic networks 
transmitted water laterally away from faults and fractures. This action aided in karstic 
development within transmissive bioturbated beds. These features can be observed easiest in the 
Lower GRL Honey Creek HSU and was a likely major component in the development of the 
Upper GRL Cavernous HSU.   
 
6.0 Conclusions 
Large-scale bioturbation-influenced porosity such as burrows, borings, and nodular 
preservation of bioturbation is one of several factors that affect fluid flow within the GRL of the 
Trinity aquifer; however, its significance in karstic aquifers and reservoirs has not been explored 
by many authors. While faulting and fracturing and karstic development are commonly the most 
prevalent fluid pathways within aquifers that lack significant intergranular porosity and 
permeability, biogenic fluid pathways (i.e., burrows) act as conduits to move fluids laterally 
between faulting and fracture features. Bioturbation-influenced porosity is of particular interest 
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to carbonate aquifers, many of which contain interconnected Thalassinoides or Ophiomorpha 
networks (e.g., Mazzullo and Chilingarian, 1996; Cunningham et al., 2009). 
Previous studies have shown Thalassinoides-dominated ichnofabrics tend to increase the 
lateral connectivity of beds by creating interconnected 3-dimensional fluid pathways of either 
open burrows or burrows with permeable fill (e.g., Cunningham and Sukop, 2012; Baniak et al., 
2013). The muddy and siliciclastic input present during GRL deposition; however, complicates 
such a straight-forward correlation. Transmissive beds in the GRL beds have ii3–4 and burrows 
are commonly open or have permeable fill. Beds with ii5–6 are commonly muddy and heavily 
homogenized, and restrict fluid flow. Additionally, grainstone beds commonly have ii1–2 and 
are cemented, restricting fluid flow to low intergranular flow.  
Characterizing the lateral fluid pathways requires the integration of lithology, structural 
and karstic features, and ichnology. The overall transmissive or confining nature of 
hydrostratigraphic units in the GRL depends on the ichnofabric index, fracture density, and 
karstic features both within the beds and in the overall stratigraphy. For example, confining beds 
in the Upper GRL are lithologically and ichnologically similar to transmissive beds in the Lower 
GRL (see figs. 9 and 11). The Upper GRL contains evaporites and significantly more karstic 
development than the Lower GRL, meaning that transmissive units are more commonly 
characterized by evaporites with significant dissolution features. Although the confining units in 
the Upper GRL contain significant bioturbation-influenced porosity and less mud than Lower 
GRL transmissive units, they are significantly less permeable than the evaporitic and Cavernous 
HSUs and divert water to seeps and springs. All of these Upper GRL units; however, likely 
transmit water laterally and the two Upper GRL confining units may; therefore, be better 
described as “semi-confining HSUs”. 
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Analysis of fluid pathways is further complicated by the solution enhancement of 
ichnofossils by meteoric water. Solution enhancement features are most significant in close 
proximity to faults and fractures and within the GRL, the Upper GRL displays more solution 
enhancement due to the high infiltration rates of the overlying Edwards aquifer (Maclay, 1995; 
Smith et al., 2003; Clark, 2004). Solution enhancement greatly increases lateral and vertical 
connectivity and permeability of units and, in some beds, was the first step toward development 
of larger-scale karstic features. 
Ichnofabric assessment of karstic aquifers may also be of benefit to hydrocarbon 
exploration. Large-scale vug porosity is a common feature in karstic reservoirs and aquifers and 
may have been mediated by biologic activity (Mazzullo and Chilingarian, 1996; Gingras et al., 
1999; Cunningham et al., 2009; Baniak et al., 2013). Understanding the interaction of burrows 
and molds that may lead to such porosity may become increasingly important as part of reservoir 
characterization. The shelf carbonates of south TX have been explored for oil and gas plays with 
active fields targeting the Edwards Group and Austin Chalk Formation (Loucks, 1977). The 
shallow marine carbonates of the GRL from south of the study have documented hydrocarbon 
staining, but lacked significant structural or stratigraphic traps (Loucks, 1977). The hydrocarbon 
staining demonstrates the potential of karstic systems to act as reservoirs and ichnologic 
assessment may benefit such plays as the Edwards and Austin Chalk. This methodology may 
also be expanded into other potential reservoirs such as the Ellenburger Group of western TX 
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Supplemental Figure 1. Stratigraphic column from along the Blanco River, western Hays 
County, Texas. Section includes the Honey Creek, Rust, Doeppenschmidt, and base of the Twin 
Sisters hydrostratigraphic units. The underlying Hammett Shale, Cow Creek Limestone, and 










Supplemental Figure 2. Stratigraphic column from central Blanco County, Texas. Section 







Supplemental Figure 3. Stratigraphic column from northern Bexar County, Texas. Section 
includes the Cavernous HSU and the base of the Basal Nodular member of the Kainer Formation 








Supplemental Figure 4. Stratigraphic column from western Bandera County, Texas. Section 
includes the Upper Evaporite and Camp Bullis hydrostratigraphic units. The base of the 








Supplemental Figure 5. Core analysis from MW9-CC, central Bexar County, Texas. Section 
includes the Honey Creek, Rust, Twin Sisters, Doeppenschmidt, Little Blanco, Bulverde and 
base of the Lower Evaporite hydsrostratigraphic units (HSUs). The underlying Hammett Shale, 
Cow Creek Limestone, and Hensel Sand of the Persall Formation are also included. Matrix 





Supplemental Table 1. Point counted matrix porosity taken from core MW9-CC in northern 
Bexar County, Texas.  
Sample  Location Hydrostratigraphic 
Unit 
Matrix Porosity (%) 
MW9 15.15 MW9-CC Bulverde 2.77 
MW9 16.9 MW9-CC Bulverde 17.33 
MW9 17.2 MW9-CC Bulverde 6.49 
MW9 17.8 MW9-CC Bulverde 4.75 
MW9 20.3 MW9-CC Bulverde 1.68 
MW9 22.1 MW9-CC Bulverde 10.70 
MW9 23.85 MW9-CC Bulverde 13.18 
MW9 24.4 MW9-CC Bulverde 13.61 
MW9 32.3 MW9-CC Bulverde 3.77 
MW9 32.8 MW9-CC Bulverde 7.51 
MW9 35.8 MW9-CC Bulverde 1.38 
MW9 38.5 MW9-CC Bulverde 18.09 
MW9 41.2 MW9-CC Bulverde 4.42 
MW9 47.8 MW9-CC Bulverde 7.12 
MW9 50.65 MW9-CC Bulverde 11.41 
MW9 50.9 MW9-CC Bulverde 1.69 
MW9 55.15 MW9-CC Little Blanco 1.37 
MW9 59.7 MW9-CC Little Blanco 4.48 
MW9 63.3 MW9-CC Little Blanco 1.01 
MW9 63.5 MW9-CC Little Blanco 2.41 
MW9 69.25 MW9-CC Little Blanco 4.76 
MW9 73.75 MW9-CC Little Blanco 4.10 
MW9 77.1 MW9-CC Little Blanco 2.37 
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MW9 85.15 MW9-CC Little Blanco 8.25 
MW9 87.7 MW9-CC Little Blanco 2.75 
MW9 92.55 MW9-CC Twin Sisters 2.03 
MW9 99.7 MW9-CC Twin Sisters 2.03 
MW9 99.7 MW9-CC Twin Sisters 6.10 
MW9 116.55 MW9-CC Twin Sisters 2.03 
MW9 129.3 MW9-CC Twin Sisters 3.39 
MW9 138.65 MW9-CC Twin Sisters 1.70 
MW9 145.75 MW9-CC Twin Sisters 6.44 
MW9 149.9 MW9-CC Twin Sisters 1.71 
MW9 153.7 MW9-CC Twin Sisters 5.08 
MW9 156.15 MW9-CC Doeppenschmidt 13.65 
MW9 165.05 MW9-CC Doeppenschmidt 2.03 
MW9 174.95 MW9-CC Doeppenschmidt 10.85 
MW9 181.55 MW9-CC Doeppenschmidt 3.33 
MW9 199.1 MW9-CC Doeppenschmidt 1.01 
MW9 199.3 MW9-CC Doeppenschmidt 1.67 
MW9 207.1 MW9-CC Rust 3.41 
MW9 212.75 MW9-CC Rust 0.68 
MW9 217.2 MW9-CC Rust 5.44 
MW9 219.2 MW9-CC Rust 2.05 
MW9 227.6 MW9-CC Rust 1.70 
MW9 232.2 MW9-CC Rust 3.04 
MW9 235.55 MW9-CC Rust 9.34 
MW9 241.45 MW9-CC Rust 2.41 
MW9 247.4 MW9-CC Rust 0.34 
MW9 250.2 MW9-CC Rust 4.41 
MW9 256.95 MW9-CC Rust 1.02 
MW9 261.8 MW9-CC Rust 1.37 
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MW9 262.7 MW9-CC Rust 20.54 
MW9 268.65 MW9-CC Rust 8.87 
MW9 270.7 MW9-CC Rust 0.67 
MW9 271.2 MW9-CC Honey Creek 8.11 
MW9 272.55 MW9-CC Honey Creek 2.35 
MW9 280.6 MW9-CC Honey Creek 5.05 
MW9 283.95 MW9-CC Honey Creek 3.06 
MW9 285.5 MW9-CC Honey Creek 8.00 
MW9 300.8 MW9-CC Honey Creek 9.93 
MW9 308.8 MW9-CC Honey Creek 4.38 
MW9 325.1 MW9-CC Honey Creek 2.36 
MW9 326.65 MW9-CC Honey Creek 0.67 
MW9 327.2 MW9-CC Honey Creek 4.39 
MW9 330.15 MW9-CC Honey Creek 9.38 
MW9 332.45 MW9-CC Honey Creek 9.12 





Supplemental Table 2. Porosity and permeability results for plugs from core MW5-LGR in 
northern Bexar County, Texas. 
Sample  Location Hydrostratigraphic 
Unit 
Porosity (%) Permeability 
(mD) 
MW5 75.55 MW5-LGR Fossiliferous 15.5 0.049 
MW5 92.15 MW5-LGR Fossiliferous 17.3 0.091 
MW5 96.95 MW5-LGR Fossiliferous 18.5 0.121 
MW5 104.2 MW5-LGR Fossiliferous 26.2 406 
MW5 113.35 MW5-LGR Fossiliferous 17.1 0.103 
MW5 115.4 MW5-LGR Fossiliferous 16.0 0.022 
MW5 124.35 MW5-LGR Fossiliferous 6.0 0.0043 
MW5 125.15 MW5-LGR Lower Evaporite 22.8 0.083 
MW5 136.2 MW5-LGR Lower Evaporite 14.7 0.07 
MW5 142.65 MW5-LGR Bulverde 10.9 0.137 
MW5 154.35 MW5-LGR Bulverde 24.5 0.446 
MW5 168.5 MW5-LGR Bulverde 14.2 0.017 
MW5 171.2 MW5-LGR Bulverde 18.4 0.095 
MW5 173.3 MW5-LGR Little Blanco 27.0 1.36 
MW5 178.7 MW5-LGR Little Blanco 15.0 0.082 
MW5 189.25 MW5-LGR Little Blanco 14.1 0.013 
MW5 196.65 MW5-LGR Little Blanco 2.72 N/A 
MW5 202.7 MW5-LGR Little Blanco 24.8 56.8 
MW5 205.7 MW5-LGR Little Blanco 2.71 N/A 
MW5 207.4 MW5-LGR Little Blanco 20.0 0.385 
MW5 215 MW5-LGR Twin Sisters 16.2 0.432 
MW5 225.25 MW5-LGR Twin Sisters 16.6 0.049 
MW5 232.4 MW5-LGR Twin Sisters 17.3 0.046 
MW5 245.1 MW5-LGR Twin Sisters 22.9 0.485 
MW5 257.5 MW5-LGR Twin Sisters 20.5 0.195 
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MW5 269.55 MW5-LGR Twin Sisters 14.8 0.02 
MW5 279.55 MW5-LGR Twin Sisters 2.69 N/A 
MW5 286.4 MW5-LGR Doeppenschmidt 14.6 1.15 
MW5 296.55 MW5-LGR Doeppenschmidt 22.2 8.12 
MW5 297.6 MW5-LGR Doeppenschmidt 16.6 1.62 
MW5 304.65 MW5-LGR Doeppenschmidt 15.1 0.0091 
MW5 318.8 MW5-LGR Doeppenschmidt 2.7 N/A 
MW5 323.4 MW5-LGR Doeppenschmidt 2.71 N/A 
MW5 324.7 MW5-LGR Doeppenschmidt 14.8 0.965 
MW5 329.3 MW5-LGR Rust 15.0 0.277 
MW5 332.75 MW5-LGR Rust 2.71 N/A 
MW5 347.4 MW5-LGR Rust 12.1 0.07 
MW5 359.3 MW5-LGR Rust 14.6 0.23 
MW5 365.6 MW5-LGR Rust 19.8 0.938 
MW5 381.5 MW5-LGR Rust 18.9 3.75 
MW5 391.5 MW5-LGR Rust 13.9 0.132 
MW5 394.6 MW5-LGR Rust 24.1 4.14 
MW5 395.7 MW5-LGR Honey Creek 24.6 2.38 
MW5 396.9 MW5-LGR Honey Creek 21.4 3.15 
MW5 407.3 MW5-LGR Honey Creek 30.2 91.6 
MW5 414.8 MW5-LGR Honey Creek 2.71 N/A 
MW5 431.2 MW5-LGR Honey Creek 2.71 N/A 
MW5 440.9 MW5-LGR Honey Creek 2.71 N/A 





Supplemental Table 3. Porosity and permeability results for plugs from outcrops in Hays and 
Kendall counties, Texas. 
Sample  Location Hydrostratigraphic 
Unit 
Porosity (%) Permeability 
(mD) 
ABK-A Bandera County Camp Bullis 9.2 0.090 
ABK-B Bandera County Camp Bullis 20.1 1.93 
ABK-C Bandera County Camp Bullis 10.0 0.023 
ABK-D Bandera County Camp Bullis 21.3 2.07 
ABK-E Bandera County Camp Bullis 8.3 0.014 
ABK-F Bandera County Camp Bullis 11.9 0.095 
ABK-G Bandera County Camp Bullis 11.3 0.0076 
ABK-H Bandera County Camp Bullis 22.6 0.697 
ABK-1 Bandera County Camp Bullis 35.9 1.91 
ABK-2 Bandera County Camp Bullis 34.6 130. 
ABK-3 Bandera County Camp Bullis 23.6 37.5 
ABK-4 Bandera County Camp Bullis 28.4 8.39 
ABK-7 Bandera County Camp Bullis 32.1 54.7 
ABK-8 Bandera County Camp Bullis 8.2 0.0010 
ABK-9 Bandera County Camp Bullis 9.0 0.0037 
ABK-10 Bandera County Camp Bullis 13.5 2.48 
ABK-11 Bandera County Camp Bullis 3.4 0.00 
Narrows Hays County Honey Creek 27.7 7.26 
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CHAPTER 3. EFFECTS OF THALASSINOIDES ICHNOFABRICS ON THE 
PETROPHYSICAL PROPERTIES OF THE LOWER CRETACEOUS LOWER 
GLEN ROSE LIMESTONE, MIDDLE TRINITY AQUIFER, NORTHERN BEXAR 
COUNTY, TEXAS 
 
Currently in review as:  
Golab, J.A., Smith, J.J., Clark, A.K., and Blome, C.D., 2016, Effects of Thalassinoides 
Ichnofabrics on the Petrophysical Properties of the Lower Cretaceous Lower Glen Rose 




The combined Edwards and Trinity aquifer system is the primary source of freshwater for 
the rapidly growing San Antonio and Austin metropolitan areas. The karstic Lower Cretaceous 
(Aptian–Albian) Lower Glen Rose Limestone (GRL) contains the middle Trinity aquifer and has 
been subdivided into six hydrostratigraphic units (HSUs) with distinct hydrologic characteristics. 
These HSUs were first identified in the subsurface via core examination at the Camp Stanley 
Storage Activity (CSSA) in northern Bexar County, Texas and were then correlated to associated 
gamma-ray and resistivity logs. The Trinity aquifer system is a telogenetic karst and fluid flow is 
directed primarily through solution-enhanced faults, fractures, and pervasive Thalassinoides 
networks because matrix porosity of both transmissive and confining HSUs is very low. 
Meteoric water infiltrates the Trinity aquifer through vertically-oriented faults and likely moves 
laterally through biogenic pores. Two 7.62 cm diameter GRL cores and well logs from 
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monitoring wells CS-MW9-CC and CS-MW5-LGR recovered from the CSSA were used to 
characterize the effect such large-scale Thalassinoides networks have on the petrophysical 
properties (resistivity and natural gamma-ray) of four HSUs (Honey Creek, Rust, 
Doeppenschmidt, and Twin Sisters HSUs). Resistivity logs show that resistance values greater 
than 300 Ω-m correlate with well-developed biogenic porosity and values greater than 650 Ω-m 
are associated with solution enhancement of the Thalassinoides networks. These high resistivity 
zones are cyclical and are identified in muddy confining units, even when no changes in 
lithology or karstic development are identified. Pervasive biogenic networks are also likely the 
starting point for karstic development along faults. Natural gamma-ray logs do not reflect 
hydrologic characteristics directly, but are inversely correlated to resistivity logs and display m-
scale cyclicity. Resistivity logs can be used to identify interconnected Thalassinoides networks 
within GRL strata and when coupled with natural gamma-logs, the lateral distribution of these 
networks within HSUs can be correlated. Identifying such fluid pathways is of particular 
importance for wells not located in proximity to major faults and karstic features. 
 
1.0 Introduction 
The combined Edwards and Trinity aquifers are contained within the Lower Cretaceous 
carbonate and siliciclastic strata of the Central Texas Platform and are the primary source of 
fresh water for the cities of San Antonio and Austin, Texas. The Trinity aquifer system is 
contained within the Trinity Group and subdivided into the upper, middle, and lower Trinity 
aquifers (Barker and Ardis, 1996). The Lower Glen Rose Limestone (GRL), a major highstand 
carbonate system within the Trinity Group, contains the majority of the middle Trinity aquifer 
and has been subdivided into six hydrostratigraphic units (HSUs; Blome and Clark, 2014; Clark 
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et al. 2014).  These HSUs have distinct hydrologic characteristics (Choquette and Pray, 1970) 
and were first identified in the subsurface using gamma-ray and resistivity logs from the Camp 
Stanley Storage Activity (CSSA) in northern Bexar County, Texas (Fig. 1; Clark, 2004; Parsons 
2006; Blome and Clark, 2014).   
Resistivity logs are commonly used to determine relative porosity and permeability; with 
higher resistivity values associated with higher hydrologic connectivity (Zhou et al., 2002; 
Angulo et al., 2011). Traditionally, high resistivity values in the Lower GRL have been attributed 
to karstic development along faults (e.g., Wierman et al., 2010). While meteoric waters enter the 
Lower GRL along a system of nearly vertical normal faults and fractures (Horvorka et al., 1994; 
Maclay, 1995), lateral movement of ground water is within beds containing networks of the trace 
fossil Thalassinoides (Golab et al., 2016). Most of these biogenic fluid pathways have been 
enhanced by meteoric and groundwater flow and it is likely that most Lower GRL karstic 
features are the result of water moving away from faults through these interconnected burrow 
networks.  
This study focuses on resistivity and natural gamma-ray responses to the presence of 
Thalassinoides networks within the Lower GRL HSUs and shows that the biogenic fluid 
pathways identified in outcrop can be correlated into the subsurface via geophysical logs and 
have the potential to be correlated over the entire extent of the Edwards and Trinity aquifers. 
Thalassinoides networks identified in outcrop are likely the primary reason behind cyclic high 
resistivity values seen in logs from the transmissive Honey Creek and Doeppenschmidt HSUs. 
Identifying laterally continuous zones of biogenic porosity in the subsurface will be valuable for 





Figure 1. Area map showing the location of the two cores (CS-MW9-CC and CS-MW5-LGR) in 
northern Bexar County, Texas and the boundary of the Camp Stanley Storage Activity Area. 
Faults are shown in red with downthrown block indicated. Fault and core locations modified 
from Clark (2004) and Pantea et al. (2014). Satellite imagery from Google Earth (2016). 
2.0 Geologic background 
The Lower GRL is ~70–90 m thick in northern Bexar County, Texas and is laterally 
extensive (Fig. 2; Imlay, 1945; George, 1952; Stricklin et al., 1971; Pittman, 1989). The Lower 
GRL, in addition to most of the underlying Pearsall Formation, contains the middle Trinity 
aquifer and acts as a catchment for the overlying Edwards and upper Trinity aquifers (Small and 
Lambert 1998). The Lower GRL has been subdivided into six HSUs from outcrop studies using a 
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porosity-based classification system first defined by Maxey (1964) and Choquette and Pray 
(1970). These HSUs are, in ascending order, the Honey Creek, Rust, Doeppenschmidt, Twin 
Sisters, Little Blanco, and Bulverde HSUs (Blome and Clark, 2014; Clark et al., 2014). The 
Honey Creek, Doeppenschmidt, and Little Blanco HSUs are defined as transmissive units; the 
Rust and Twin Sisters are defined as confining units; and the Bulverde is defined as a semi-
confining unit (Clark et al., 2014; Blome and Clark, 2014; Golab et al., 2016). In the subsurface, 
these HSUs were first identified in cores from the CSSA (Clark, 2004; Parsons, 2006; Blome and 
Clark, 2014). Geophysical logs from these boreholes were then used to correlate natural gamma-
ray and resistivity response to the HSU contacts identified in the cores.  
Changes in well-log response are related to stratigraphic variability in mud content with 
respect to natural gamma and permeability as recorded by resistivity (Zhou et al., 2002; Angulo 
et al., 2011). Geophysical logs, particularly natural gamma-ray logs, have since been used to 
correlate Lower GRL strata containing the middle Trinity aquifer throughout the extent of the 
Trinity aquifer system into the subsurface (e.g., Small and Lambert, 1998; Blome et al., 2005; 
Broun, 2011; Pantea et al., 2014).  The middle Trinity aquifer is of particular importance because 
it produces better quality water than the upper Trinity aquifer which often contains high amounts 
of dissolved evaporitic minerals (Parsons, 2006; Pantea et al., 2014; Golab et al., 2016).  
Previous studies of ichnofossils in Trinity aquifer strata have focused on outcrops 
(Cunningham and Sukop, 2012; Golab et al., 2016; Clark et al., 2016). The sedimentological and 
ichnological characteristics of the six Lower GRL HSUs have been described in detail from 
outcrop and core (e.g., Blome and Clark, 2014; Clark and Morris, 2015; Golab et al., 2016; Clark 
et al., 2016). All of these HSUs—transmissive, confining, and semi-confining—generally consist 




Figure 2. Section showing the Glen Rose Limestone in MW9-CC. Figure includes generalized 
lithology at depth below land surface, resistivity logs, natural gamma, matrix porosity from point 
counts and hydrostratigraphic unit contacts. A) High gamma-ray value (>150 CPS) associated 
with the shalely top of the Bexar Shale member of the Pearsall Formation. B) High matrix 
porosity value associated with a thin wackestone bed near the base of the confining Rust 
hydrostratigraphic unit.  
ichnofabrics (Golab et al., 2016; Clark et al., 2016). Commonly, Lower GRL HSUs are 
characterized by m-scale cyclic successions of mudstone and wackestone grading upsection to 
packstone, with laterally discontinuous rudist bioherms (Behrens, 1965; Clark, 2003; Golab et 
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al., 2016 Clark and Morris, 2015). These successions are interpreted as high-frequency (5th-
order), shallowing-upward sequences (Ward and Ward, 2007). Additionally, most Lower GRL 
strata have been extensively bioturbated and are dominated by three-dimensional, boxwork 
Thalassinoides networks (Cunningham and Sukop, 2012; Golab et al., 2016). Lower GRL strata 
also contain lesser amounts of Palaeophycus, Planolites, rhizoliths, Serpulid traces, and 
Cruziana (Golab et al., 2016). Generally, transmissive and semi-confining HSUs contain well-
developed biogenic porosity whereas confining HSUs have been homogenized due to pervasive 
bioturbation (Golab et al., 2016; Clark et al., 2016).  
Within the m-scale mudstone–packstone successions that compose the transmissive 
Lower GRL HSUs, ichnofabric indices (ii) tend to decrease upsection (Golab et al., 2016). 
Ichnofabric indices are used to estimate the volumetric amount of bioturbation within strata 
(Droser and Bottjer, 1986) and are used as proxy for hydrology within strata. In many cases, 
beds at the base of successions lack obvious sedimentary structures or ichnofossils and were 
likely completely homogenized by bioturbation (ii6; Golab et al., 2016). Middle portions of 
successions commonly have ii3–4 and are likely the most transmissive intervals within the 
sequences (Golab et al., 2016). The tops of most successions have ii1–ii2 and fluid movement is 
restricted to very low intergranular flow (Golab et al., 2016). Additionally, most of the biogenic 
porosity in the Lower GRL has been solution enhanced by meteoric water. In contrast, confining 
HSUs generally lack coarsening upwards trends and are commonly pervasively bioturbated 
throughout (Golab et al., 2016). 
Solution-enhancement features are prominent in carbonate systems (e.g., Mylroie and 
Carew, 1990), and karstic development in the Lower GRL is primarily along faults and fractures 
(Horvorka et al., 1994; Maclay, 1995; Faith, 2004). The Lower GRL is normally faulted by the 
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Miocene Balcones Fault Zone, which extends from central to north Texas with displacements as 
high as 61 m within the study area (Fig 1; Horvorka et al., 1994; Pantea et al., 2014). Conjugate 
fractures between these faults further facilitated the infiltration of meteoric water into the 
subsurface (Kastning, 1986). The abundant Thalassinoides networks in the Lower GRL act as 
the primary fluid pathways between these major faults and karstic features and it is likely that the 
Lower GRL karstic features are the result of water moving laterally away from faults through 
these networks (Golab et al., 2016).  
This study focuses on resistivity and natural gamma-ray response to the presence of 
Thalassinoides networks within the Honey Creek, Rust, Doeppenschmidt, and Twin Sisters 
HSUs within two wellbores (CS-MW9-CC and CS-MW5-LGR; Fig. 1) and associated cores 
from the CSSA. These cores contain most of the typical lithological, sedimentological, and 
ichnological features of the Lower GRL described from outcrop (e.g., Clark and Morris, 2015; 
Golab et al., 2016; Clark et al., 2016). All HSUs are fossiliferous and bioclasts may include 
whole and fragmentary shells of bivalves, echinoids, foraminifera, and gastropods.  
The electrical resistivity of strata depends on several factors that include lithology, 
porosity, permeability, and fluid composition within pores (Angulo, 2011). Resistivity logs are 
commonly used to determine relative porosity and permeability between units; and higher 
resistivity values from well logs have commonly been interpreted as karstic development in the 
Lower GRL (Broun, 2011). Bioturbation and karstic development add additional complexity to 
these logs, as extensive bioturbation will homogenize sediment and reduce fluid flow.  
Natural gamma-ray logs from both wellbores used in this study are variable due to small-
scale changes in mud and siliciclastic content. Generally, Lower GRL gamma-ray logs display 
high (40–60 CPS) values within relatively homogeneous mudstone and marl units. There is an 
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overall inverse correlation between high gamma-ray values and low resistivity values caused by 
increased mud content preventing fluid flow. However, this correlation is not consistent due to 
the presence of Thalassinoides burrows that crosscut lithologies. Additionally, karstic 
development removes carbonate material and concentrates clays and siliciclastics leading to high 
gamma-ray values (Boero and Schwertmann, 1989; Wierman et al., 2010). Although gamma-ray 
logs cannot be used directly as hydrologic indicators, they can be used to correlate lithology 
throughout the aquifer. 
 
3.0 Methods 
This study used two 7.62 cm diameter GRL cores, from monitoring wells CS-MW9-CC 
and CS-MW5-LGR (Fig. 1), recovered from the CSSA and stored at the U.S. Geological 
Survey’s Core Research Center in Denver, Colorado.  Both of these boreholes were part of the 
hydrological characterization of the CSSA by Parsons Engineering and the U.S. Geological 
Survey (Parsons, 2006), and CS-MW9-CC was designated the type section for the U.S. 
Geological Survey’s interdisciplinary Trinity aquifer remapping project (Clark, 2003, 2005; 
Clark et al., 2009; Blome and Clark, 2014; Pantea et al., 2014). Both boreholes were logged for 
gamma-ray, spontaneous potential, and resistivity. Gamma-ray logs were measured in counts per 
second (CPS) and spontaneous potential logs were measured in millivolts. Resistivity logs were 
measured in Ohm-meters (Ω-m) and calculated for 8, 16, 32, and 64 in diameters around the well 
bore (Blome and Clark, 2014). A preliminary analysis of these two cores was published by 




CS-MW9-CC is ~147 m long and includes the Lower GRL and the Hensel Sand, Cow 
Creek Limestone, and top of the Hammett Shale members of the underlying Pearsall Formation 
(Parsons, 2006; Blome and Clark, 2014). For this study, ichnofabric index (ii) and porosity 
characteristics (Choquette and Pray, 1970) are described.  Well logs for CS-MW9-CC included 
gamma-ray from 0–147 m in depth and spontaneous potential and resistivity from ~32–147 m in 
depth (Fig. 2).  
CS-MW5-LGR is ~142 m long and includes ~38 m of the Upper GRL, Lower GRL, and 
the top ~4.5 m of the Pearsall Formation (Parsons, 2006; Blome and Clark, 2014). MW5-LGR is 
a full-diameter core and 52 plug samples were drilled with a diamond-tipped, 2.54 cm-diameter 
core bit and sent to Weatherford International for helium expansion testing of porosity and 
permeability (Appendix I). Well logs for CS-MW5-LGR included gamma ray from 0–142 m in 
depth and from ~68.6–142 m in depth for spontaneous potential and resistivity.  
One hundred petrographic thin sections were produced from CS-MW9-CC by Wagner 
Petrographic, Lindon, Utah. These thin sections were used for lithologic descriptions (see 
Dunham, 1962) and point counted to determine the relative abundance of bioclasts, mud and 
cement, and porosity (Fig. 3 and Appendix II).  Point counting was conducted using an Olympus 
BX53 microscope with an automated stepper stage controlled by PetrogLite 3.0 software 
(Conwy Valley Systems Ltd., 2011).  Microphotographs were taken with an Olympus SC100 





Figure 3. Ternary Diagram showing point count data from thin-sections of MW9-CC. Figure 
shows relative abundance of biolasts, mud and cement, and porosity. Samples are grouped by 
hydrostratigraphic characteristics and include transmissive hydrostratigraphic units (HSUs; 
Honey Creek and Doeppenschmidt) and confining HSUs (Rust and Twin Sisters). 
4.0 Results 
4.1 Transmissive HSUs 
Generally, Lower GRL transmissive HSUs (Honey Creek and Doeppenschmidt) consist 
of m-scale, coarsening-upward successions of argillaceous fossiliferous wackestone–packstone 
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(Ward and Ward, 2007; Golab et al., 2016). The ii within these successions commonly decreases 
upsection and most fluid flow is directed laterally through macro-scale biogenic networks 
between major faults and karstic features (Golab et al., 2016). Additionally, postdepositional 
solution-enhancement of Thalassinoides networks further increased connectivity within these 
transmissive units.  
 
4.1.1 Resistivity of transmissive HSUs 
Resistivity values for the Honey Creek HSU in CS-MW9-CC range from 245 Ω-m to > 
650 Ω-m. CS-MW9-CC values from 85–98 meters below ground surface (mbgs) are generally 
high (> 440 Ω-m) and contain intervals with a maximum resistivity of > 650 Ω-m (Fig. 2). The 
majority of the Honey Creek HSU is typical of Lower GRL transmissive units and consists of m-
scale successions of argillaceous mudstone transitioning upsection to wackestone with 
interconnected Thalassinoides networks (ii3–4).  These successions show resistivity values that 
shift from ~440 Ω-m to > 650 Ω-m as they transition upsection from mudstone to wackestone. 
The top ~3 m of the Honey Creek HSU has two maximum resistivity values of ~350 and 475 Ω-
m; less than seen lower in the unit.  Outcrop and core observations show this upper interval of 
the Honey Creek HSU is primarily interbedded laminated calcareous mudstone and nodular 
wackestone lacking interconnected Thalassinoides networks and having an ii1–2 (Golab et al. 
2016). 
 The Doeppenschmidt HSU in CS-MW9-CC ranges from ~60–640 Ω-m. The basal ~2 m 
of the Doeppenschmidt HSU (58–60 mbgs) has high resistivity values that range from ~470 Ω-m 
to > 650 Ω-m, similar to most Honey Creek HSU strata (Fig. 2). This zone of high resistivity is 
characterized by argillaceous wackestone with well-developed Thalassinoides networks (ii3–4).  
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The top ~2.5 m of the Doeppenschmidt HSU (47–49.5 mbgs) also displays high resistivity values 
of with a maximum value of ~580 Ω-m and is similarly characterized by argillaceous wackestone 
with well-developed Thalassinoides networks (ii3–4).  In contrast, the middle portion of the 
Doppenschmidt HSU (50–57 mbgs) is distinct and displays lower resistivity with values that 
range from ~60–360 Ω-m.  Most of this section consists of argillaceous wackestone with some 
mudstone and is nearly completely homogenized by pervasive bioturbation (ii5–6), leaving little 
biogenic porosity. In thin section, most moldic porosity in this middle section is occluded by 
sparry cement. The relatively higher resistivity zones in excess of ~300 Ω-m correlate with core 
intervals showing ii5 and some distinct Thalassinoides. 
 
4.1.2 Natural gamma-ray logs of transmissive HSUs 
Generally, transmissive HSUs have lower natural gamma-ray measurements than 
confining HSUs because they contain beds with less mud and have not been completely 
homogenized by bioturbation. The contact of the Honey Creek HSU with the underlying Pearsall 
Formation is characterized by a thin, regional shale bed that can be seen in gamma-ray logs as a 
spike of ~150 CPS (Fig. 2A; Blome and Clark, 2014). The high gamma-ray value of this organic 
shale is distinct from Lower GRL strata which are composed mostly of interbedded carbonate 
muds.  
The Honey Creek HSU in CS-MW9-CC contains natural gamma-ray values that range 
from ~3–83 CPS. The basal ~8m of the Honey Creek HSU (~91–98.5 mbgs) has natural gamma-
ray values ranging from ~34–83 CPS (Fig. 2). Values in this basal section that are < 50 CPS 
correlate with high resistivity values that are > 650 Ω-m. This section of the Honey Creek HSU 
has the highest average gamma-ray values for the entire core, indicating high mud content. The 
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overlying ~9 m of the Honey Creek HSU (~82–91 mbgs) have gamma-ray values lower than the 
underlying strata that range from ~3–40 CPS. Similar to the basal strata of the Honey Creek 
HSU, there is an inverse correlation between low gamma-ray values and high resistivity 
response. There is not, however, a distinct gamma-ray log response to the muddy interbedded 
units seen at the top ~3 m of the Honey Creek HSU.   
 The Doeppenschmidt HSU in CS-MW9-CC contains natural gamma-ray values that 
generally range from ~5–70 CPS with maximum values as high as 87 CPS. Similar to the Honey 
Creek HSU, there is a distinct inverse correlation between high gamma-ray values and low 
resistivity. The gamma-ray log from the middle portion (~50–57 mbgs) of the Doeppenschmidt 
HSU shows only a subtle shift toward higher average values and does not closely mirror the shift 
toward lower resistivity in this section. The relatively consistent nature of Doeppenschmidt HSU 
gamma-ray values indicates that mud content is consistent throughout the unit and therefore not 
related directly to these lower resistivity values 
 
4.1.3 Porosity characteristics of transmissive HSUs 
Thin sections from the Honey Creek HSU show most m-scale successions transition 
upsection from argillaceous mudstone (Fig. 4A) to fossiliferous wackestone (Fig. 4B). All 
samples from the Honey Creek HSU are dominated by mud containing sparry infill of molds 
(Fig, 4C). Matrix porosity of thin sections averaged 5.8% porosity and samples contained an 
average of 79% mud and spar (Fig. 3). On the macroscale, the Honey Creek HSU commonly 
contains well-developed Thalassinoides networks, particularly within the middle portions of m-
scale coarsening-upward successions. These Thalassinoides networks are commonly solution-




Figure 4. Photographs of common transmissive hydrostratigraphic unit (HSU) features. A) 
Photomicrograph of an argillaceous mudstone with some shell fragments from the Honey Creek 
HSU under 40x magnification and plain-polarized light (PP).  B) Photomicrograph of an 
argillaceous fossiliferous wackestone from the Honey Creek HSU at 20x magnification and PP. 
C) Photomicrograph of an isolated coral head molds infilled with postdepositional spar from the 
Honey Creek HSU at 20x magnification and under cross-polarized light. D) Solution-enhanced, 
open Thalassinoides network in the Honey Creek HSU. E) Photomicrograph of  argillaceous 
fossiliferous wackestone from the Doeppenschmidt HSU at 20xmagnification and PP. F) 
Thalassinoides network with packstone fill in the Doeppenschmidt HSU. 
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Thalassinoides networks are commonly open, as groundwater has dissolved any permeable 
burrow fill (Fig. 4D). 
 Thin-sections from the Doeppenschmidt HSU have an average of 5.4% matrix porosity 
and contain 77.5% mud and spar, similar to the Honey Creek HSU.   Both the Doeppenschmidt 
and the Honey Creek HSU averaged between 15–17% biogenic clasts within matrix material 
(Fig. 4E) and most molds and intergranular porosity were infilled with sparry cement. On the 
macroscale, the Doeppenschmidt HSU contains well-developed Thalassinoides networks within 
the middle portions of coarsening-upward successions. Unlike the Honey Creek HSU, many of 
the Doeppenschmidt Thalassinoides contain permeable packstone infill (Fig. 4F). In the middle 
of the Doeppenschmidt HSU, Thalassinoides networks have muddier wackestone infill and 
corresponding generally lower resistivity values, (Fig. 4B). Some of this infill may be coarser 
material moving through the aquifer after deposition.  
 
4.2 Confining HSUs 
Lower GRL confining HSUs (Rust and Twin Sisters) contain more mud and fewer 
fractures than transmissive HSUs. Confining HSUs  generally consist of m-scale successions of 
pervasively bioturbated nodular mudstone to marly wackestone with ii5–6 (Fig. 2; Golab et al. 
2016). Some beds have identifiable Thalassinoides networks (ii5), however, these networks are 
typically mud-filled and do not enhance fluid flow (Golab et al., 2016; Clark et al., 2016). 
Moldic porosity is common in these units although these molds are generally not solution 
enhanced or interconnected (Golab et al., 2016; Clark et al., 2016). Most confining successions 
do not coarsen upward, although some units show this trend in outcrop (Golab et al., 2016; Clark 
98 
 
et al., 2016). Fluid flow within these units is confined to fractures and some Thalassinoides with 
coarser-grained infill, but permeability is relatively low overall. 
 
4.2.1 Resistivity of confining HSUs 
Resistivity values for the Rust HSU in CS-MW9-CC range from 60–420 Ω-m. The basal 
~2.5 m of this HSU (79.5–82 mbgs) are consistently low (~60 Ω-m) and associated with thinly 
interbedded mudstones and wackestone with ii1–2 (Fig. 2). The majority of the overlying beds 
within the Rust HSU (~60–79.5 mbgs) are characterized by resistivity values that fluctuate 
between ~130 Ω-m and 420 Ω-m.  Despite these fluctuations in resistivity, this interval of the 
core is dominated by relatively homogeneous marly mudstone and wackestone with a nodular, 
mottled appearance (ii6).  Few Thalassinoides networks can be identified within beds with ii5, 
and are associated with resistivity values of up to >400 Ω-m. Outcrop studies show that the Rust 
HSU contains coarsening-upward successions north of Bexar County (Golab et al., 2016; Clark 
et al., 2016). Lithologically, such successions are difficult to identify in core; however, resistivity 
kicks within this section indicate nine potential successions (Fig. 2). Some of these high 
resistivity zones also correlate to increased matrix porosity from point-counts (see Porosity 
characteristics of confining HSUs). 
 The Twin Sisters HSU in CS-MW9-CC has resistivity values that range from ~60–210 
Ω-m. The basal ~4 m of this HSU (~43–47 mbgs) is characterized by resistivity values that range 
from ~50–200 Ω-m upsection. This basal section consists of marly wackestone with some moldic 
porosity. The overlying beds of the Twin Sisters HSU from ~27–43 mbgs are characterized by 
~5 m cycles of resistivity that increase from 60 Ω-m to 210 Ω-m upsection. These beds consist of 
homogeneous marly mudstone with ii5–6 and few biogenic clasts. The Twin Sisters HSU 
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contains more mud than the Rust HSU and has lower resistivity on average.  Although evidence 
of cyclicity is difficult to identify lithologically, kicks within the resistivity values for the Twin 
Sisters HSU are associated with some identifiable Thalassinoides networks in the core. 
 
4.2.2 Natural gamma-ray logs of confining HSUs  
Nautral gamma-ray values for the Rust HSU range from ~7–116 CPS. The basal ~6 m of 
this HSU (~76–82 mbgs) is characterized by gamma-ray values that commonly range from ~25–
70 CPS with a single kick at ~92 CPS. These relatively high zones are associated with 
interbedded mudstones and some clay horizons identified in core CS-MW9-CC (Blome and 
Clark 2014). The overlying beds of the Rust HSU (~60–76 mbgs) have more variable gamma-
ray values that range from ~7–95 CPS with values >75 CPS inversely correlated with low 
resistivity values. Outcrop studies show that the Rust HSU contains some coarsening-upward 
successions with wackestone to packstone filled Thalassinoides in some locations north of Bexar 
County (Golab et al., 2016; Clark et al., 2016). 
 Natural gamma-ray values for the Twin Sisters HSU (27–47 mbgs) are not as variable as 
logs from the Rust HSU and range from ~5–58 CPS. Values in this HSU >25 CPS inversely 
correlate with low resistivity values < 100 Ω-m. The Twin Sisters HSU contains few identifiable 
Thalassinoides networks and generally has ii6. The cyclic trend seen in the gamma-ray and 
resistivity logs correlate to the m-scale coarsening-upwards sequences seen in most strata, 
although this trend is difficult to observe in core. Overall, little fluid flow is possible within the 




4.2.3 Porosity characteristics of confining HSUs 
Point counts from the Rust HSU had an average of 4.3% porosity and contained 81.9% 
mud and spar (Fig. 5A). One sample had 20.5 % porosity from a single, thin (<1cm) wackestone 
bed. Most of the Rust HSU in CS-MW9-CC consisted of relatively homogenized wackestone 
with a nodular appearance (Fig 5B). On the macroscale, few Thalassinoides networks were 
identified and most were mud-filled. Moldic porosity was also very low and existing molds were 
not interconnected (Fig 5C). The basal ~5 m of the Rust HSU also contained interbedded clayey 
horizons with ii1.  
The Twin Sisters HSU had an average of 3.4 % porosity and contained ~89.4% mud and 
spar (Fig. 5D). On the macroscale, most of the Twin Sisters HSU was relatively homogenous and 
contained few identifiable Thalassinoides. Generally, beds were ii5–6 and some beds were so 
heavily bioturbated that the existing Thalassinoides networks were collapsed, creating a 
brecciated horizon (Fig. 5E). Some shaley horizons were identified in the basal ~3 m of the 
section interbedded with wackestone. The upper ~17 m of the Twin Sisters was predominately 
mudstone and contained little to no sedimentary structures (Fig. 5F). 
 
5.0 Discussion 
5.1 Carbonate pore systems 
Although carbonate systems are common aquifers and hydrocarbon reservoirs globally, 
characterization of their porosity in the subsurface is difficult (e.g., Choquette and Pray, 1970; 
Ahr et al., 2005; Lønøy, 2006). Carbonate pore systems are complex, and chemical weathering 
processes such as solution-enhancement of pores via meteoric water are more pronounced in 




Figure 5. Photographs of common confining hydrostratigraphic unit (HSU) features. A) 
Photomicrograph of an argillaceous wackestone with shell fragments from the Rust HSU under 
40x magnification and plain-polarized light (PP). B) Photograph of core segment of argillaceous 
mudstone from the Rust HSU with a nodular appearance due to pervasive bioturbation. C) 
Photomicrograph of a shelter pore with some sparry infill from the Rust HSU under 20x 
magnification and cross-polarized light. D) Photomicrograph of an argillaceous mudstone with 
shell fragments from the Twin Sisters HSU under 20x magnification and PP. E) Brecciated 
horizon due to collapse following solution enhancement of a Thalassinoides network from the 




2000; Ahr et al., 2005). The middle Trinity aquifer is primarily a telogenetic karstic aquifer, as 
most fluid flow in the aquifer is directed through faults and solution-enhanced biogenic pores 
(Vacher and Mylroie, 2002). The porosity characteristics within telogenetic karsts, such as the 
Edwards and Trinity aquifers, is particularly difficult to characterize, as there is little to no 
intergranular flow and fluid pathways crosscut original bedding (White, 1999, 2002; Vacher and 
Mylroie, 2002; Gingras et al., 2012).  
Traditional methods such as point-counting and helium-expansion porosity and 
permeability testing were developed to measure porosity in siliciclastic systems and carbonate 
strata with predominately intergranular porosity (Cunningham et al., 2009).  Additionally, even 
in eogenetic karstic aquifers, which contain interganular flow in addition to large-scale fluid 
pathways, these methods will underestimate fluid flow (Cunningham et al., 2009). These 
techniques measure the porosity and permeability of the matrix material between cm-scale, 
interconnected biogenic pores or fractures and do not accurately reflect the true hydrologic 
properties of the system (Lønøy. 2006; Cunningham et al., 2009).  
Some studies have been conducted on both telogenetic and eogenetic aquifers and 
reservoirs to resolve the problem of fluid-flow characterization of karstic systems (e.g., Vacher 
and Mylroie, 2002; Ahr et al., 2005; Cunningham et al., 2009; Wright et al., 2014). X-ray 
tomography scans of cores and hand samples have been used in some cases such as the Biscayne 
aquifer in southern Florida (Cunningham et al., 2009; Cunningham and Sukop, 2012); but such 
datasets are currently unavailable for the Edwards and Trinity aquifers. Additionally, although 
pump tests have been performed on GRL strata by Parsons Engineering at the CSSA (Parsons, 
2006), absent direct measurements of fluid flow in individual HSUs, empirically analyzing the 
hydraulic effects of Thalassinoides networks from these measurements is not possible. The 
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datasets that are currently available for the Edwards and Trinity aquifers includes outcrop studies 
(e.g., Small and Lambert, 1998; Clark and Morris, 2015; Golab et al., 2016; Clark et al., 2016) 
and traditional wireline logs (e.g., Wierman et al., 2010; Broun, 2011; Blome and Clark, 2014). 
 
5.2 Trinity aquifer petrophysical properties 
The Edwards and Trinity aquifers are relatively unusual as they can be observed in 
outcrop and subsurface within the same region. Offsets caused by the Miocene Balcones Fault 
Zone in south-central Texas make it possible to study outcrops of the same strata that contain the 
Trinity aquifer system. Ichnological and lithological patterns that have been identified in these 
outcrops can be directly correlated to wireline log data (e.g., Blome and Clark, 2014; Clark and 
Morris, 2015; Golab et al., 2016). Postdepositional dissolution within biogenic pores has 
increased the porosity and permeability of most beds within transmissive HSUs of the Lower 
GRL by interconnecting Thalassinoides networks throughout the strata and widening fluid 
pathways. Additionally, the complete dissolution of the matrix around these Thalassinoides 
networks in close proximity to faults has resulted in the formation of karstic features (Golab et 
al., 2016). This study shows that the fluid pathways created by these widespread Thalassinoides 
networks can be identified in the subsurface through the use of traditional wireline logs and have 
the potential to be correlated over the lateral extent of the combined Edwards and Trinity aquifer 
system.  
Resistivity logs, and natural gamma logs to a lesser extent, reflect the amount of 
interconnected biogenic porosity throughout the subsurface of the Edwards and Trinity aquifers. 
Pervasive Thalassinoides networks are the primary factor in the movement of infiltrating 
meteoric water laterally away from major faults and associated karstic features in all Lower GRL 
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strata (Golab et al., 2016; Clark et al., 2016). The m-scale, cyclic nature of high resistivity zones 
observed from well-logs at the CSSA correlates to the cycles in Thalassinoides networks that 
have been identified in the associated cores and outcrop (e.g., Golab et al., 2016).  High 
resistivity values > 300 Ω-m correlate with Thalassinoides networks in core and solution 
enhancement of these networks is characterized by resistivity values > 650 Ω-m. Although 
previous studies commonly correlate karstic development with high resistivity (e.g., Wierman et 
al., 2010), all wells within the Edwards and Trinity aquifers display these cyclical kicks, even 
when not located in proximity to major faults and associated karstic features. Additionally, these 
cyclic resistivity kicks can be identified in muddy confining units, even when no changes in 
lithology or karstic development can be identified. Pervasive Thalassinoides-dominated 
ichnofabrics identified in outcrop and core are therefore the most likely cause of these patterns. 
Previous studies have used natural gamma-ray logs to correlate HSUs identified in cores 
from Bexar County, Texas northward (e.g., Wierman et al., 2010; Broun, 2011; Clark and 
Morris, 2015). These correlations are based on differences in overall mud content between the 
HSUs, as well as amount of karstic development observed in outcrop and core. Lower GRL 
strata are typically argillaceous and contain significant amounts of mud and cement; therefore, 
most beds have a moderately high and variable gamma-ray signature. Generally, zones with 
particularly high gamma-ray values, such as the top of the Pearsall Formation, have been used as 
correlative marker beds and HSUs have been interpreted via thickness observed from outcrop 
(e.g., Clark, 2003; Braun, 2011; Blome and Clark, 2014).    
Natural gamma-ray logs associated with resistivity logs provide additional evidence 
linking subsurface Thalassinoides networks to petrophysical response. Gamma-ray logs are 
useful for correlating lithology in the subsurface and identifying offset caused by faulting in the 
105 
 
study area (e.g., Parsons, 2006; Broun, 2011; Blome and Clark, 2014). These logs, however, are 
of limited use in determining hydrostratigraphic characteristics without associated outcrop or 
core data (e.g., Clark et al., 2009; Clark and Morris, 2015; Golab et al., 2016; Clark et al., 2016). 
Commonly, gamma-ray logs from the GRL are inversely correlated to resistivity logs with high 
values correlating to coarse-grained matrix material. Outcrop studies show that the bases of m-
scale successions are extensively bioturbated and have ii5–6 (Golab et al., 2016). This extensive 
bioturbation homogenizes the sediment and results in the relatively high, but variable gamma-ray 
values that are observed throughout the well-logs. These values, however, are not high enough to 
be indicative of pure mudstone such as seen at the top of the Pearsall Formation in northern 
Bexar County (see Fig. 2A). 
 
5.3 Application to analogous karstic units 
Cunningham et al. (2009) and Cunningham and Sukop (2011) used digital image logs, 
caliper logs, conductivity and temperature logs, and borehole flowmeters to evaluate fluid flow 
in the karstic Biscayne aquifer of southern Florida. These studies used lattice Boltzmann 
equations to estimate vertical and lateral permeability within core and outcrop samples 
(Cunningham et al., 2009; Cunningham and Sukop, 2011). The overall permeability within the 
bioturbated strata of the Biscayne aquifer calculated using these methods was over five orders of 
magnitude higher than had been previously reported (Cunningham et al., 2009). Similar studies 
were performed on karstic reservoir strata from the Thamama Formation in Saudi Arabia, where 
visual imagining of boreholes was combined with nuclear magnetic resonance logging tools to 
characterize pore systems and flow paths (e.g., Ramakrishnan et al., 2000; Ahr et al., 2005). 
106 
 
Such methods are particularly useful if there are no associated outcrop or core data, but are 
costly and unavailable for most hydrostratigraphic studies.  
More traditional wireline logs, such as gamma-ray and resistivity are commonly taken 
from aquifer strata, particularly if a groundwater conservation district has been established. If 
available, such traditional logs can be coupled with detailed hydrostratigraphic analysis from 
outcrop and core to correlate macroscale biogenic porosity in the subsurface. The use of 
traditional wireline logs also acts as a method to check the hydrologic properties of the burrow 
fill and the lateral connectivity of burrow networks. Studies from the Upper Devonian Wabamun 
Group in Alberta, Canada show that Thalassinoides networks become interconnected laterally 
when over 10% of a stratum is bioturbated but commonly only become vertically connected 
across strata when over 60% of the sediment is bioturbated (La Croix et al., 2012; Baniak et al., 
2013). The difference in permeability between the matrix and the burrow fill will also impact 
flow paths (Gingras et al., 1999). The ability to verify the permeability of interpreted biogenic 
networks is important, as the weathered surfaces of outcrops may only provide some information 
on the connectivity and properties of the burrows. 
Identifying ichnofossils and characterizing bioturbation within a sedimentary unit is 
important, but further data is needed to verify their impact on fluid flow.  For example, 
ichnofossils lined with fine-grained sediment (Palaeophycus) or pellets (Ophiomorpha) 
introduce preferred flowpaths, but they may decrease the overall permeability of a stratum by 
confining and directing groundwater transmission (Cunningham et al., 2009; Tonkin et al., 
2010). Passively-filled burrows such as Thalassinoides networks may act as megapermeability 
(Cunningham et al., 2009) if cementation occurs early and the burrows remain open in the 
subsurface (Tonkin et al., 2010; Golab et al., 2016). Burrow fill that is coarser grained than the 
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surrounding matrix will maintain this property and act as significant fluid pathways 
(Cunningham et al., 2009; Tonkin et al., 2010; Golab et al., 2016). If these Thalassinoides 
networks are filled with mud or silt, the permeability of the stratum will be significantly 
decreased (Tonkin et al., 2010). These changes in interconnectivity and burrow fill will be 
visible on wireline logs, leading to more accurate interpretations of fluid pathways.  
 
6.0 Conclusions 
 The Lower GRL in Bexar County, Texas has been divided in to six HSUs which have 
been defined as transmissive, confining, or semi-confining (Clark et al., 2014; Blome and Clark, 
2014; Golab et al., 2016). Generally, transmissive HSUs are composed of m-scale successions of 
carbonate mudstone and argillaceous wackestone to packstone and these successions can be 
identified in the subsurface from well logs in the absence of core data. Previous outcrop and core 
studies have identified pervasive Thalassinoides-dominated biogenic networks throughout most 
of the GRL strata. These networks provide the primary fluid pathways for Trinity aquifer water 
between major faults and karstic development. Generally, the ichnofabric indices of these 
networks decrease upsection within the GRL successions. The fluid flow within these networks 
can be identified in the subsurface as areas of high (>300 Ω-m) resistivity.  
When coupled with lithologic interpretations from associated gamma-ray logs, changes in 
the vertical and lateral distribution of Thalassinoides networks observed in core and outcrop can 
be correlated across several counties north of Bexar County and may be used to correlate these 
high permeability strata. This will be valuable for developing a three-dimensional geologic 
framework for the Trinity aquifer.  Using traditional wireline logs for hydrostratigraphic 
interpretations will help develop a better understanding of the lateral extent of Thalassinoides 
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networks within the GRL, but this depends on detailed outcrop studies and does not provide 
direct measurements of subsurface hydrologic characteristics.  
Gaining a complete understanding of the subsurface hydrology of the Edwards and 
Trinity aquifers will require additional datasets. Studies by Cunningham et al. (2009, 2011) used 
digital image logs, caliper logs, conductivity and temperature logs, and borehole flowmeters to 
evaluate fluid flow in the similar Biscayne aquifer of southern Florida. Such detailed techniques 
are similar to studies performed on karstic reservoir strata from the Thamama Formation (Ahr et 
al., 2005). Although these techniques are commonly considered cost-prohibitive, their 
application to Trinity aquifer strata could greatly improve the understanding of aquifer quality 
and flow paths in south-central TX. 
This study shows that resistivity logs can be used to identify well-developed biogenic 
porosity within GRL strata. This is particularly important for wells not located near major faults 
and karstic features. When coupled with gamma-logs, an accurate interpretation of the lateral 
distribution of biogenic porosity within each HSU will be possible. Such an understanding of the 
vertical and lateral variability of high-permeability Thalassinoides networks within Edwards and 
Trinity aquifer strata is vital for planning future development of central Texas, as the 
metropolitan areas of San Antonio and Austin continue to grow in population and expand 
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Supplementary Table 1. Helium-expansion porosity and permeability data from MW5-LGR. 
Originally released under Blome and Clark (2014) and Golab et al. (2016). 
 
Depth (m) Porosity (%) Permeability (mD) Hydrostratigraphic unit 
23.03 15.50 0.049 Fossiliferous 
28.09 17.30 0.091 Fossiliferous 
29.55 18.50 0.121 Fossiliferous 
31.76 26.20 406.000 Fossiliferous 
34.55 17.10 0.103 Fossiliferous 
35.17 16.00 0.022 Fossiliferous 
37.90 6.00 0.004 Fossiliferous 
38.15 22.80 0.083 Lower Evaporite 
41.51 14.70 0.070 Bulverde 
43.48 10.90 0.137 Bulverde 
47.05 24.50 0.446 Bulverde 
51.36 14.20 0.017 Bulverde 
52.18 18.40 0.095 Bulverde 
52.82 27.00 1.360 Little Blanco 
54.47 15.00 0.082 Little Blanco 
57.68 14.10 0.013 Little Blanco 
59.94 26.70 N/A Little Blanco 
61.78 24.80 56.800 Little Blanco 
62.70 23.60 N/A Little Blanco 
63.22 20.00 0.385 Little Blanco 
65.53 16.20 0.432 Twin Sisters 
68.66 16.60 0.049 Twin Sisters 
70.84 17.30 0.046 Twin Sisters 
74.71 22.90 0.485 Twin Sisters 
78.49 20.50 0.195 Twin Sisters 
82.16 14.80 0.020 Twin Sisters 
85.21 13.90 N/A Twin Sisters 
87.30 14.60 1.150 Doeppenschmidt 
90.39 22.20 8.120 Doeppenschmidt 
90.71 16.60 1.620 Doeppenschmidt 
92.86 15.10 0.009 Doeppenschmidt 
97.17 14.60 N/A Doeppenschmidt 
98.57 11.00 N/A Doeppenschmidt 
98.97 14.80 0.965 Rust 
100.37 15.00 0.277 Rust 
101.42 12.20 N/A Rust 
105.89 12.10 0.070 Rust 
109.52 14.60 0.230 Rust 
111.44 19.80 0.938 Rust 
116.28 18.90 3.750 Rust 
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119.33 13.90 0.132 Rust 
120.28 24.10 4.140 Rust 
120.61 24.60 2.380 Honey Creek 
120.98 21.40 3.150 Honey Creek 
124.15 30.20 91.600 Honey Creek 
126.43 20.50 N/A Honey Creek 
131.43 17.20 N/A Honey Creek 
134.39 16.00 N/A Honey Creek 
136.86 9.20 N/A Honey Creek 
137.31 9.90 N/A Pearsall Formation 


















4.62 62 219 8 289 Bulverde 
5.15 59 170 48 277 Bulverde 
5.24 38 207 17 262 Bulverde 
5.43 56 225 14 295 Bulverde 
6.19 90 203 5 298 Bulverde 
6.74 114 153 32 299 Bulverde 
7.27 177 80 39 296 Bulverde 
7.44 110 144 40 294 Bulverde 
9.85 80 201 11 292 Bulverde 
10.00 34 237 22 293 Bulverde 
10.91 34 251 4 289 Bulverde 
11.73 80 160 53 293 Bulverde 
12.56 47 234 13 294 Bulverde 
14.57 57 217 21 295 Bulverde 
15.44 49 215 34 298 Bulverde 
15.51 51 239 5 295 Bulverde 
16.81 21 267 4 292 Little Blanco 
18.20 34 243 13 290 Little Blanco 
19.29 22 271 3 296 Little Blanco 
19.36 17 267 7 291 Little Blanco 
21.11 12 268 14 294 Little Blanco 
22.48 7 274 12 293 Little Blanco 
23.50 53 235 7 295 Little Blanco 
25.95 20 247 24 291 Little Blanco 
26.73 8 275 8 291 Little Blanco 
28.21 8 282 6 296 Twin Sisters 
30.39 5 284 6 295 Twin Sisters 
30.39 12 265 18 295 Twin Sisters 
35.52 16 273 6 295 Twin Sisters 
39.41 15 270 10 295 Twin Sisters 
42.26 17 272 5 294 Twin Sisters 
44.43 13 263 19 295 Twin Sisters 
45.69 36 252 5 293 Twin Sisters 
46.85 69 211 15 295 Twin Sisters 
47.60 23 230 40 293 Doeppenschmidt 
50.31 40 249 6 295 Doeppenschmidt 
53.33 27 236 32 295 Doeppenschmidt 
55.34 28 262 10 300 Doeppenschmidt 
60.69 112 181 3 296 Doeppenschmidt 
60.75 75 219 5 299 Doeppenschmidt 
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63.12 31 252 10 293 Rust 
64.85 16 274 2 292 Rust 
66.20 59 219 16 294 Rust 
66.81 44 243 6 293 Rust 
69.37 40 249 5 294 Rust 
70.78 26 261 9 296 Rust 
71.80 63 199 27 289 Rust 
73.59 67 217 7 291 Rust 
75.41 49 246 1 296 Rust 
76.26 18 264 13 295 Rust 
78.32 29 263 3 295 Rust 
79.80 15 272 4 291 Rust 
80.07 126 110 61 297 Rust 
81.89 13 254 26 293 Rust 
82.51 8 287 2 297 Rust 
82.66 9 263 24 296 Honey Creek 
83.07 21 270 7 298 Honey Creek 
85.53 94 188 15 297 Honey Creek 
86.55 117 168 9 294 Honey Creek 
87.02 25 251 24 300 Honey Creek 
91.68 25 238 29 292 Honey Creek 
94.12 22 262 13 297 Pearsall Formation 
99.09 33 257 7 297 Pearsall Formation 
99.56 65 230 2 297 Pearsall Formation 
99.73 46 237 13 296 Pearsall Formation 
100.63 148 113 27 288 Pearsall Formation 
101.33 166 103 27 296 Pearsall Formation 
101.59 50 228 17 295 Pearsall Formation 
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CHAPTER 4. PALEOENVIRONMENTAL AND PALEOGEOGRAPHIC 
IMPLICATIONS OF PALEOSOLS AND ICHNOFOSSILS IN THE UPPER 
PENNSYLVANIAN–PERMIAN HALGAITO FORMATION, SOUTHEASTERN 
UTAH 
 
Currently in preparation as: 
Golab, J.A., Smith, J.J., and Hasiotis, S.T., 2017, Paleoenvironmental and Paleogeographic 
Implications of Paleosols and Ichnofossils in the Upper Pennsylvanian–Permian Halgaito 
Formation, Southeastern Utah: PALAIOS. 
 
Abstract 
The Upper Pennsylvanian–Permian (Virgilian–Wolfcampian) Halgaito Formation (HF) is 
an ~125–155-m-thick succession of carbonate and carbonate-cemented siliciclastic strata 
exposed along the Cedar Mesa on the Colorado Plateau in southeastern Utah. Defining the 
stratigraphic standing of the HF has been problematic due to differing paleoenvironmental and 
paleogeographic interpretations by various authors. This complication is likely because the HF 
lies at the interface between the underlying, predominately marine carbonate Hermosa Group 
and the overlying, alluvial–eolian siliciclastic Cutler Group. This study refines the depositional 
history of the HF using a combined iconological, paleopedological, and sedimentological 
approach in order to rectify some of the competing interpretations of this system and verify its 
position within the stratigraphic nomenclature. Five stratigraphic sections were measured along 
the Cedar Mesa.  The depositional history of the HF can be divided into a lower, predominately 
marine section and an upper predominately eolian section. The marine section contains carbonate 
intertidal foreshore to nearshore deposits with simple carbonate entisols. These entisols are 
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poorly developed and contain large root fossils. This marine portion of the HF generally 
shallows upsection, but is highly punctuated and was flooded by small-scale transgressions four 
times. The continental section contains predominately eolian siltstone deposits with siliciclastic 
entisols and mottled inceptisols. Paleosol development generally increases upsection from the 
underlying marine beds. Water tables also become deeper upsection as indicated by depths of 
rhizoliths. The uppermost ~40 m of strata is laminated and crossbedded and contains little to no 
paelopedogenic development or rhizoliths. These eolian beds are carbonate cemented and likely 
sourced from the underlying marine strata of the Hermosa Group as the Elephant Canyon 
Seaway regressed to the north during the Upper Pennsylvanian. Thin, crossbedded fluvial strata 
can be observed throughout the HF and contain the coarsest material in the HF and were likely 
sourced from the highlands of the Uncompagre uplift, similar to the strata within the overlying 
Cutler Group units. Such fluvial beds are thin, not laterally extensive, and compose very little of 
the HF volumetrically. This suggests that the HF is stratigraphically related to the underlying 
marine units, rather than the overlying continental units and this study considers the HF the 
uppermost formation of the Hermosa Group. 
 
1.0 Introduction 
The Upper Pennsylvanian–Permian (Virgilian–Wolfcampian) Halgaito Formation (HF) is 
an ~125–155-m-thick succession of interbedded carbonate and siliciclastic strata exposed on the 
Colorado Plateau in southeastern Utah (UT; Fig. 1). Mixed carbonate and siliciclastic systems 
are common in the geologic record and are potentially productive hydrocarbon reservoirs 
(McNeal et al., 2004). Such mixed systems are often vertically and laterally complex and are 




Figure 1. Map showing the study area surrounding the Cedar Mesa and San Juan River in 
southeast Utah. Approximate locations of five measured sections (red; GH-1–5) as well as the 
location of Texaco test well 1 Johns Canyon (green) are indicated. Satellite imagery from Google 
Earth (2016). 
stratigraphic standing of the HF, in particular, has been problematic due to differing 
paleoenvironmental and paleogeographic interpretations by various authors (e.g., Baars, 1962; 
Ohlen and McIntyre, 1965; Condon, 1997; Murphy, 1987). These competing interpretations are 
likely because the HF lies at the interface between the predominately marine Hermosa Group and 
the alluvial–eolian Cutler Group and has characteristics common to both systems. 
The lower ~40 m of the HF is characterized by marine limestone and carbonate cemented 
sandstones interbedded with red siltstone. Most of these red siltstones are interpreted to be eolian 
in origin and were likely reworked by both fluvial and marine processes (Baars, 1962; Murphy, 
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1987; Scott, 2005). These lowermost beds of the HF have previously been referred to as the Rico 
Formation (e.g., Baars, 1962; Condon, 1997; Loope, 1984; Murphy, 1987; Scott, 2005). 
Upsection, the HF is characterized by reduced marine influence and pervasive beds of red 
siltstone with simple and composite paleosols. Fluvial reworking of these eolian-sourced 
siltstones is common and increases upsection. The HF grades laterally northwest into and is 
laterally equivalent with the marine carbonates and arkosic sandstones of the Elephant Canyon 
Formation (Baars, 1962; Murphy, 1987; Dubiel et al., 1996; Condon, 1997).   
The retreat of the Elephant Canyon seaway northward out of the Paradox basin likely 
exposed underlying carbonate strata and eolian processes deposited sand-sized particles near the 
coast and silt-sized grains further inland to the south. Alluvial reworking of these eolian-
sediments likely occurred after primary deposition (Fig. 2; Murphy 1987). This interpretation is 
supported by previous provenance studies that show most siltstone within the HF is 
carbonaceous, eolian-sourced and likely derived from carbonates underlying the Hermosa Group 
(e.g., Murphy, 1987; Scott, 2005).  The interbedded carbonate and siltstone beds observed at the 
base of the HF indicate that this retreat was relatively slow and punctuated over time. Well-
developed composite and compound paleosols and fluvial sedimentary structures within the 
upper beds of the HF suggest that the water table was relatively high throughout deposition, and 
climate was likely not as arid compared to previous interpretations (Scott, 2005). Plants and soil 
dwelling organisms played a part in trapping the eolian sediment from the north and 
incorporating it into the soil (e.g., Scott, 2005).  
This study uses a combined ichnological, paleopedological, and sedimentological 
approach to refine the paleoenvironmental and paleogeographic history of the northern Paradox 




Figure 2. Paleogeographic reconstruction of the northern Paradox basin during deposition of the 
Halgaito formation. The northwestern retreat of the Elephant Canyon seaway exposed underlying 
carbonate ramp strata and allowed the development of eolian sandstone (Elephant Canyon 
Formation) and eolian loessite (Halgaito Formation) deposits. Highland areas bounding the 
Paradox basin include the Uncompagre uplift, the Embry positive area, and the Defiance uplift. 
Modified from Murphy (1987), Condon (1997), and Scott (2013). 
 trends during the deposition from ichnofossils and paleopedogenic development in the strata. 
The rapidly changing marine and continental facies contained in the HF provide the opportunity 
to examine organism behavior and soil development associated with rapid sea-level fluctuations. 
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Additionally, the HF is one of the few examples of a thick (>30 m) silty loess deposit in the 
ancient rock record (Murphy, 1987; Scott, 2005).  
 
 
2.0 Geological background 
2.1 Regional structure and stratigraphy 
Prior to the development of the Paradox basin, the four corners region was covered by an 
extensive heterozoan-dominated carbonate platform from the Middle Devonian to the Late 
Mississippian depositing the Elbert Formation and the Quray and Leadville limestones (Ohlen 
and McIntyre, 1965; Nuccio and Condon, 1996; Whidden et al., 2014). The development of the 
the Uncompagre uplift initiated by the collision of Gondwana and Laurentia during the Late 
Mississippian created a regional unconformity and began the development of the Paradox basin 
(Fig. 2; Kluth and Coney, 1982; Nuccio and Condon, 1996; Barbeau, 2003; Kluth and DuChene, 
2009; Whidden et al., 2014). The Paradox basin spans most of the four corners region and is 
bounded by the Uncompagre uplift to the northeast and east, the Embry positive area  and San 
Rafael Swell to the west, and San Luis and Defiance uplifts to the south (Fig.2; Wengerd, 1955; 
Wengerd and Matheny, 1958; O’Sullivan, 1965; Scott, 2013).  
The Paradox basin is an asymmetrical, extensional basin that contains Middle 
Pennsylvanian through early Permian (Cisuralian) sediments (Fig. 2; Wengerd, 1962; Ohlen and 
McIntyre, 1965; Lemke, 1985; Barbeau, 2003). Within the basin, the Middle to Upper 
Pennsylvanian Hermosa Group, which conformably overlies the carbonate Molas Formation, 
consists of the Pinkerton Trail, Paradox, Honaker Trail, and Halgaito formations (Fig. 3; Baars, 




Figure 3. Generalized stratigraphic column of the field area showing the exposed formations of 
the Hermosa and Cutler Groups in the study area. The stratigraphic standing of the Halgaito 
Formation has been debated by several authors and this study places it at the top of the Hermosa 
Group modified from Rasmussen (2014). 
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Hermosa Group units are heterogeneous and are dominated by marine carbonates, 
evaporites, and siliciclastic siltstone and sandstone sourced primarily from the Uncompagre 
uplift (Ohlen and McIntyre, 1965; Nuccio and Condon, 1996). These units were deposited by the 
regional Elephant Canyon seaway in the northern portion of the Paradox basin. The Middle 
Pennsylvanian (Atokan) Pinkerton Trail Formation is a heterogeneous unit that transitions from 
red, siliciclastic siltstone to interbedded fossiliferous limestone and organic-rich shale (Peterson 
and Ohlen, 1963; Ohlen and McIntyre, 1965; Nuccio and Condon, 1996; Whidden et al., 2014). 
The overlying Upper Pennsylvanian (Desmoinesian–Missourian) Paradox Formation is a 
heterogeneous carbonate and evaporite unit with extensive algal mud deposits capped by 
evaporites in the southwest portion of the basin that grade into bedded evaporites toward the 
center of the basin (Peterson and Ohlen, 1963; Ohlen and McIntyre, 1965; Whidden et al., 2014). 
The Upper Pennsylvanian (Missourian–Virgilian) Honaker Trail Formation overlies the Paradox 
Formation and is characterized by a ~300-m-thick succession of carbonate strata that consist of 
algal mound deposits interbedded with gray shale and some siliciclastic beds (Peterson and 
Ohlen, 1963). The lower beds of the Honaker Trail Formation contain evaporates and are 
lithologically similar to the Paradox Formation (Ohlen and McIntyre, 1965). The uppermost beds 
of the Honaker Trail Formation are primarily shallow marine wackestone to packstone and 
contains some interbedded siliciclastic units. The Honaker Trail Formation is conformably 
overlain by the HF.  
 
2.2 Halgaito Formation 
The Upper Pennsylvanian–Permian (Virgilian–Wolfcampian) HF is a transitional mixed 
carbonate and siliciclastic deposit between the underlying marine units of the Honaker Trail 
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Formation and the dominantly continental siliciclastics of the Permian Cutler Group (Ohlen and 
McIntyre, 1965; Jordan and Mountney, 2012). Deposition of the HF is associated with the 
regression of the Elephant Canyon seaway northward (Fig. 2; Ohlen and McIntyre, 1965; 
Murphy, 1987; Scott, 2005). Carbonate beds within the lower strata of the HF are primarily 
shallow-marine tidal-flat deposits formed during the retreat of the seaway; whereas siliciclastic 
beds upsection in the formation are primarily eolian-sourced carbonaceous siltstones deposited 
by the predominately northern winds entering the Paradox basin (Ohlen and McIntyre, 1965; 
Murphy, 1987). 
The base of the HF is characterized by fossiliferous packstone and carbonate cemented 
sandstones interbedded with red siltstone to very fine-grained sandstone. Most of these red 
siltstones are massive or laminated and have been interpreted to be eolian sourced (Murphy, 
1987; Scott, 2005).  This lowermost portion of the HF has previously been referred to as the Rico 
Formation by several authors due to the presence of marine deposits and a change in fossil 
content from brachiopods to bivalves (e.g., Baars, 1962; Loope, 1984; Murphy, 1987; Scott, 
2005). Baars (1962) also mapped a major angular unconformity at the top of the Rico Formation, 
but this interpretation has been disputed (Loope, 1984; Condon, 1997). The validity of the Rico 
Formation as a mappable geologic unit has since been questioned by several authors and this 
name is no longer used in many studies (e.g., Dubiel et al., 2009; Loope et al., 1990; Sanderson 
and Verville, 1990; Condon, 1997).  
Upsection, the HF is characterized by reduced marine influence and pervasive beds of red 
siltstone containing simple and composite paleosols (Murphy, 1987; Scott, 2005). Similar to the 
previously described lower beds, most of these siltstones are carbonaceous and eolian-sourced. 
Several sequence boundaries have been identified within the Hermosa and Cutler groups 
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associated with glacioeustatic forcing (Jordan and Mountley, 2012), and associated glaciation 
with the deposition of these groups likely increased the amount of eolian material entering the 
Paradox basin. However, loess derived directly from glacial outwash cannot account for the 
volume of accumulated sediments seen in the HF (Scott, 2005). These upper beds of the HF 
grade regionally northwest into marine carbonates and sandstones of the Elephant Canyon 
Formation (Baars, 1962; Murphy, 1987; Dubiel et al., 1996; Condon, 1997).  
 The HF is time equivalent with the undifferentiated lower Cutler Formation and has 
previously been identified as part of the Pennsylvanian–Permian Cutler Group (e.g., Kunkle, 
1958; Baars, 1962; Peterson and Hite, 1969; Loope, 1984).  Culter Group units are primarily 
alluvial deposits sourced from the surrounding highlands, particularly the Uncompagre uplift 
(Baars, 1962; Kunkle, 1958; Ohlen and McIntyre, 1965; Peterson and Hite, 1969; Cole et al., 
1996). Although the HF shares some lithologic similarities with the Cutler Group, its association 
with the regression of the Elephant Canyon seaway and eolian-sourced sediments make it 
sedimentologically distinct. Recent studies are revising the stratigraphic nomenclature of the 
Cutler and Hermosa Groups (e.g., Loope et al., 1990; Dubiel et al., 1996; Condon, 1997; Scott, 
2005) and some studies have suggested removing the designation of Cutler Group from the 
Paradox basin entirely (Rasmussen, 2002; 2014). This study follows Rasmussen (2002; 2014) 







Fieldwork consisted of measuring five stratigraphic sections along the Cedar Mesa in 
southeastern UT (GH-1–5; Fig. 1; Appendices I–V). These sections were measured with a 1.5 m 
long Jacobs staff demarcated in decimeters and were logged spatially with GPS. Beds were 
described sedimentologically, lithologically, and ichnologically and samples were collected 
along each measured section for laboratory analysis. Grain size was estimated in the field 
according to Dunham (1962) for carbonate units and Wentworth (1922) for siliciclastic units. 
Ichnofossils were examined and photographed in situ and some samples were collected for 
further laboratory analysis. All major ichnofossils localities were logged spatially with GPS. 
Paleosols were trenched along each stratigraphic section in order to examine morphology, 
pedogenic textures, remnant sedimentary structures, and associated ichnofossils. Photographs 
were taken of pedogenic features and samples were collected from each trench for laboratory 
analysis. Paleosol colors were examined using a Munsell soil color chart (Munsell, 2009) and 
recorded along the measured sections.  A qualitative, relative sea level and water table depth 
curve was constructed for the HF using a combination of lithology, sedimentological structures, 
interpreted paleosols development, and ichnofossil assemblage. For this curve, strata was 
classified as either marine or continental based on lithologic and sedimentological structures. 
Marine strata was further subdivided into deeper foreshore and shallower nearshore deposits 
depending on the ichnological features and presence of paleosols. Continental strata was 
subdivided by depth of water table using paleosols development and depth of root penetration 
into the strata.   
Laboratory work consisted of examining drill cuttings, thin-section descriptions, and X-
ray diffraction analysis (XRD).  Texaco Test Well 1 Johns Canyon is a 4,469 ft borehole at the 
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top of the Cedar Mesa (Fig. 1). Depths of contacts were determined using gamma-ray, neutron, 
resistivity, and sonic logs from this borehole. Drill cuttings from this well are located at the 
USGS Core Research Center in Denver, CO.  Cuttings were used to describe lithology, color, 
and grain size throughout the HF. A total of 21 blue epoxy impregnated thin sections prepared by 
Wagner Petrographic in Lindon, UT, were used to examine mineralogy and grain size. Fifteen 
24x46 mm thin sections were from siliciclastic samples and five 50.8x76.2 mm thin sections 
were from primarily carbonate samples. Analysis and photomicrographs were taken using an 
AmScope T490B-MT digital compound trinocular microscope. 
X-ray diffraction (XRD) analysis was used to determine clay content from paleosol 
samples taken from measured sections. Samples were prepared by disaggregating the samples 
using a mortar and pestle and were run at University of Kansas Small-Molecule X-ray 
Crystallography Lab using a Bruker MicroSTAR diffractometer in three, one-minute runs from 
5–115° 2ϴ per sample. Clay mineralogy was determined by comparison of diffraction peaks 




 Seven end-member lithofacies are identified in the HF from outcrop, cuttings, and thin 
section analysis according to grainsize, mineralogy, and sedimentary structures. The 
characteristics of these lithofacies are summarized in Table 1 and include, in decreasing order of 
relative abundance: laminated siltstone–very fine-grained sandstone (Stl), massive siltstone–very 
fine-grained sandstone (Stm), crossbedded siltstone–very fine-grained sandstone (Stc), mottled 
blocky siltstone (Stb), carbonate-cemented sandstone (Css), crinoid wackestone–packstone 
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(Cws), and lenticular crossbedded fine-grained sandstone (Ssc). Interpretations of depositional 
environment are based on original observations of HF strata and previous studies of the northern 
Paradox basin (see Geologic Background). Lithofacies can be grouped generally into fluvial, 




Three types of paleosols were identified in the field using pedogenic textures, color, 
grainsize, stacking pattern, and associated ichnofossils. These paleosols include, in decreasing 
order of relative abundance: simple and compound mottled inceptisols, simple fine-grained 
siliciclastic entisols, and simple carbonate entisols. Paleosols in the HF are generally 
characterized by increasing maturity upsection associated with a decreased carbonate input and 
increased siliciclastic sediments. Fluvial reworking and crosscutting of siliciclastic-sourced 
siltstone is common and also increases upsection. 
 
4.2.1 Mottled inceptisols 
Description: These paleosols are the most common in the HF and are associated with Stb and 
Stl. These paleosols are characterized by red (10R 4/6–5/8) to reddish-brown (2.5YR 4/6) matrix 
colors and light gray (7.5Y 7/1) to green (5G 7/1) mottles. Pedogenic features include granular to 
subangular-blocky peds and abundant carbonate rhizoliths, rhizocretions, and rhizohaloes (Fig. 
5A).  Granular peds may be associated with some original sedimentary features such as laminae, 
whereas horizons with blocky peds lack any original sedimentary structures. These paleosols are 
commonly highly bioturbated and contain the highest diversity of ichnofossils in the HF (see 










Figure 4. Generalized stratigraphic column of the Halgaito Formation showing grain-size and 
interpreted depositional environment. Relative sea-level and water table depth curve based on 
qualitative assessments of the lithology, sedimentological structures, interpreted paleosol 




Figure 5. Paleosols present in the Halgaito Formation. A) Simple mottled inceptisol horizon 
showing typical subangular blocky peds, red coloration, and diagenetic gypsum. Upper gleyed 
horizon interpreted to be associated with subsequent waterlogging due to water table rise and 
increased deposition. B) Distinct gray mottling within a simple inceptisol horizon likely created 
by reducing conditions along root systems. Lower gleyed horizon is also visible (arrows). 
Compound mottled inceptisol horizons. Competent beds display less pedogenic modification 
than red colored incompetent beds. D) Simple siliciclastic entisol horizon with deeply 
penetrating large-scale depletion zone rhizohaloes. E) Calcareous rhizolith within a simple 
siliciclastic entisol horizon showing remnant laminations. F) Simple carbonate entisol horizon 
showing remnant laminations and dewatering structures (arrow); such structures are common in 
Stl within 10 m above and below the McKim Limestone. 
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distinct light green (5G 7/1) matrix colors. These underlying gleyed horizons commonly contain 
subangular blocky peds but may contain remnant sedimentary structures such as laminations 
(Fig. 5B). Inceptisol horizons with high concentrations of carbonate nodules and rhizoliths are 
less competent than intervals with fewer of these features. In some areas multiple horizons may 
be stacked to create compound successions of paleosols. Furthermore these paleosols may be 
characterized by thick cumulative soil horizons with a red (10R 4/6–5/8) to purple matrix with 
green to green-gray mottles (Fig. 5C). These cumulative successions are heavily bioturbated and 
distinct inchofossils can be difficult to distinguish, but red to purple rhizoliths can be observed.  
The rhizoliths within these horizons are significantly smaller than those observed in other simple  
or compound profiles. Some rhizoliths may be deeply penetrating and crosscut several horizons 
within such compound paleosols.  
Interpretation: These paleosols are interpreted as A and AC horizons and likely formed during 
periods of subaerial exposure with punctuated deposition and fluctuating water table levels. Red 
matrix colors suggest moderately well-drained vadose zone conditions (e.g., Murphy, 1987; 
Schwertmann, 1993; Smith et al., 2008; Hasiotis and Platt, 2012).  Purple colors and abundant 
calcareous rhizohaloes and carbonate nodules indicate some amount of seasonal wetting and 
drying (Kraus and Hasiotis, 2006; Smith et al., 2008). Cumulative horizons suggest relatively 
steady deposition over a long period of time creating a thick, continuous soil horizon (Kraus, 
1996, 1999, 2002; Hasiotis and Platt 2012).  
These paleosols were previously interpreted to have developed in arid to semiarid 
conditions due to the abundance of carbonate nodules and association with silt-sized eolian-
sourced matrix material (e.g., Loope, 1984; Murphy, 1987). This study; however, interprets a 
semiarid to seasonal environment where eolian material is transported during dry seasons and 
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translocation of carbonate down through the soil profile occurs during periods with higher 
precipitation and water tables. This interpretation is further supported by the presence of 
underlying gleyed horizons, indicating reducing conditions due to periodic higher ground water 
levels (Hasiotis and Platt, 2012).     
 
4.2.2 Simple fine-grained siliciclastic entisols 
Description: These paleosols are common throughout the uppermost beds of the HF and are 
characterized by only incipient pedogenic development other than bioturbation with occasional 
granular peds. Entisols are associated with siliciclastic Stm, Stc, and Ssc. These paleosols consist 
of a single horizon that contains deeply penetrating rhizoliths surrounded by carbonaceous 
rhizohaloes and associated with carbonate nodules (Fig. 5D). These horizons are carbonate 
cemented and competent. Matrix colors are commonly red (10R 4/6–5/8) to reddish brown 
(2.5YR 4/6) and contain rare yellow (2.5Y 7/8) mottling. The rhizoliths within these horizons are 
typically dark red (7.5YR 3/4–3/6) to purplish gray (5RP 3/1) and often crosscut underlying 
strata. Many rhizoliths are associated with pervasive bioturbation (see Ichnofossils).  These 
paleosols contain remnant sedimentary structures such as crossbedding and laminations (Fig. 
5E).  
Interpretation: These paleosols are interpreted as AC horizons and likely formed after periods of 
rapid punctuated deposition. Association of these horizons with fluvial sedimentary structures 
such as crossbedding indicates that these paleosols developed after fluvial reworking of sediment 
or during long-term periods of aridity.  Depth of rhizoliths suggests water tables were relatively 
low and associated carbonate rhizohaloes indicate well-drained and relatively arid conditions 




4.2.3 Simple carbonate entisols 
Description: These paleosols occur in the lower portion of the HF and are associated with Cws 
and Css. Carbonate entisols are characterized by a single horizon with brown to red matrix colors 
and deeply penetrating rhizoliths with woody textures preserved in manganese (Murphy, 1987). 
Horizons contain some mottles that are reddish gray (7.5R 5/2) to greenish gray (10G 6/1). 
Rhizoliths within these paleosols are commonly dark bluish gray (10G 3/1–4/1) and may have 
white carbonaceous rhizohaloes (Fig 5F). These horizons juxtapose marine fossils and 
ichnofossils with rhizoliths and pedogenic modification.   
Interpretation: Simple carbonate entisols are interpreted as single A and AC horizons associated 
with subaerial exposure during rapid sea-level fluctuations of the Elephant Canyon seaway. The 
upper portions of these paleosols may be organic rich A horizons with deeply penetrating roots 
into the underlying sediment, creating AC horizons. Little to no translocation of carbonate 
indicates these soils were likely poorly drained and were only exposed for a relatively short 
duration of time (Smith et al., 2008; Hasiotis and Platt, 2012). 
.  
4.3 Ichnofossils 
Ichnofossils provide additional information about the depositional settings, relative sea-
level changes, paleohydrology, and paleoclimatic histories of a unit. The HF contains both 
marine and continental ichnofossils due to its location between underlying marine and overlying 
alluvial units. The ichnofossils identified in the HF include, in descending order of relative 
abundance: four types of rhizoliths, two ichnospecies of Siphonichnus, Naktodemasis bowni, 





These are the most abundant ichnofossils in the HF and are found throughout most beds. 
Rhizoliths were created by terrestrial plants and generally taper downward from the tops of 
paleosol horizons but also crosscut underlying strata that contain no evidence of pedogenic 
modification.  There are four types of rhizoliths observed in the HF that vary in size and 
morphology and include large-scale depletion zone rhizohaloes, calcareous rhizoliths, large-scale 
carbonaceous root fossils with rhizohaloes, and small-scale iron-oxide rhizohaloes. 
 
4.3.1.1 Large-scale depletion zone rhizohaloes (Figs 6A–B) 
Description: Large, downward branching and tapering rhizohaloes are observed in most 
siliciclastic units and may penetrate >3 m deep in some locations (Fig 6A). When observed at the 
tops of beds, these structures have a cylindrical cross-section ranging from ~3–15 cm in diameter 
(Fig. 6B).  Rhizohaloes have dark to light purple cores that gradually fade outward to gray to 
light green and generally lack a distinct boundary with the surrounding matrix.  A thin (~1mm) 
dark red to purple hypocoating is also present bordering the outside of some rhizohaloes. Many 
of these rhizohaloes are commonly associated with carbonate nodules and calcareous rhizoliths. 
These structures are often found associated with Naktodemasis and other ichnofossils. 
Rhizohaloes may crosscut multiple beds and paleosols horizons, particular within compound and 
cumulative successions. These rhizohaloes are particularly abundant in the middle of the HF, 
between 62–132 m from the base of the measured section (Fig. 4) and are commonly associated 





Figure 6. Rhizoliths present in the Halgaito Formation. A) Cross-section view of a deeply 
penetrating depletion zone rhizohalo with typical purple colored lining and gleyed exterior. 
Rhizohalo does not have sharp boundaries with the surrounding matrix. B) Plan view of 
depletion zone rhizohaloes with no distinct core visible. C) Calcareous rhizolith with some 
fossilized plant material and white carbonate material. D) Cross-section view of a calcareous 
rhizolith with no rhizohalo. E) Plan view of a large-scale carbonaceous root fossil within a 
marine carbonate sandstone. F) Small scale iron-oxide rhizohaloes. 
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depletion zone rhizohaloes tends to increase upsection, but these traces also become less 
abundant in the uppermost 20 m of the section 
Interpretation: The cores of the rhizohaloes were likely created by deeply penetrating root 
systems.  The size and depth of these structures indicate relatively deep water tables during plant 
growth and suggest well drained conditions (Kraus and Hasiotis, 2006; Smith et al., 2008). 
Following death of the plant, decaying organic material and infiltrating surface waters in the 
remnant root channels created localized reducing conditions (Kraus and Hasiotis, 2006).  The 
purple cores of these rhizohaloes indicate the presence of goethite, a reduced form of iron-oxide. 
As surface water infiltrated the root systems and spread into the surrounding matrix, hematite 
was reduced and mobilized away from root channels leaving gray-green haloes and was 
concentrated in red hypocoatings at rhizohalo boundaries (Vepraskas et al., 1992; Kraus and 
Hasiotis, 2006).  The association of these rhizohaloes with eolian deposition and mottled 
inceptisols and simple fine-grained siliciclastic entisols indicates that water tables were low in 
the middle portion of the HF (Fig. 4). The increasing depth of these rhizohaloes upsection and 
their absence in the top 20 m of the section suggest an overall drop in water tables and increased 
aridity over the course of deposition of the HF.  
 
4.3.1.2 Calcareous rhizoliths (Figs. 6C–D) 
Description: These structures consist of downward branching and tapering accumulations of 
white to gray calcite (Fig. 6C). Calcareous rhizoliths range from ~0.5–2 cm in diameter. The 
white calcite may be powdery to slightly crystalline. These rhizoliths usually lack preservation of 
woody textures or organic material, but some examples near the base of the HF have these 
features. The rhizohaloes surrounding these structures are generally thin (1–2 mm) and are 
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yellow to white in color. These rhizoliths are found associated within Stl and Stc. The structures 
may penetrate up to 1 meter and through multiple beds (Fig. 6D) and are commonly located at 
the tops of simple entisol horizons. Similar to depletion zone rhizohaloes, these rhizoliths are 
commonly associated with pervasive bioturbation with Naktodemasis and other ichnofossils. 
Additionally, calcareous rhizoliths are often located in beds with abundant fractures and 
associated with diagenetic gypsum (Murphy, 1987). These rhizoliths are most abundant between 
40–62 m above the base of the HF in the strata overlaying the McKim Limestone bed (Fig. 4). 
Calcareous rhizoliths are not present within most of the middle portion of the unit but are 
observed in the top 12 m of the section.  
Interpretation: Calcareous rhizoliths were created by relatively shallow root systems where 
calcite precipitated in the root channel during soil development. Calcareous rhizoliths that 
generally lack distinct rhizohaloes are commonly interpreted as suggesting moderately-drained 
soil conditions (Klappa 1980; Kraus and Hasiotis, 2006; Smith et al., 2008). The association of 
these rhizoliths with low-angle crossbedding suggests subaerial exposure of eolion-deposition 
further indicates deep water tables. However, the abundance of these rhizoliths in the strata 
above the McKim Limestone bed and juxtaposition with ichnofossils indicating saturated 
conditions (see Scoyenia isp. and Ancorichnus ancorichnus) suggests that water tables fluctuated 
significantly for some time after the retreat of the Elephant Canyon Seaway. Additionally, the 
amount of carbonate within underlying marine strata provided a source of calcareous material to 
precipitate these rhizoliths. The presence of calcareous rhizoliths near the top of the formation in 
association with thick crossbedded siltstones may indicate precipitation of carbonate around root 
channels in association with extremely arid conditions, which lacked enough precipitation to 




4.3.1.3 Large-scale carbonaceous root fossils with rhizohaloes (Fig. 6E) 
Description: Large, sub-horizontal, woody textured root fossils that are from 2–7 cm in diameter 
and may be > 4m in length but do not penetrate deeply and do not crosscut underlying strata 
(Fig. 6E). These rhizoliths are associated with marine strata including Cws and Css. Generally, 
these carbonaceous root fossils have horizontal orientations and can be observed at the tops of 
simple carbonate entisol horizons. Root material is dark gray to black and may be surrounded by 
a white to yellow rhizohaloes. These roots commonly overprint and crosscut Siphonichnus and 
Thalassinoides. These root fossils are concentrated in the basal 36 m of the formation.  
Interpretation: Woody textured rhizoliths are dark gray from abundant manganese as well as 
preserved organic material (Murphy, 1987). Preservation of organic terrestrial root material is 
commonly caused by rapid deposition and possible anoxia due to extremely high water tables 
and poorly-drained conditions (Kraus and Hasiotis, 2006). Additionally, the location of these 
rhizoliths in primarily carbonate deposits further increased preservation potential due to rapid 
cementation. The yellow to white color of the surrounding rhizohaloes is likely due to the 
presence of oxidized goethite and probably developed post-depositionally (Kraus and Hasiotis, 
2006). The association of these root fossils with marine carbonate sandstone and packstone and 
shallow penetration suggests they developed in a marine-dominated environment during the 
retreat of the Elephant Canyon seaway. 
 
4.3.1.4 Small-scale iron-oxide rhizohaloes (Fig. 6F) 
Description: Smaller-scale rhizohaloes (~1 mm in diameter) that are observed throughout all 
strata of the HF and are particularly abundant within siliciclastic Stb and Stm units and within 
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mottled inceptisol horizons. These small-scale traces are commonly preserved as downward 
tapering green or gray rhizohaloes, but some samples contain dark red to red cores (Fig. 6F). The 
tops of paleosol horizons commonly contain such abundant small-scale rhizohaloes and 
pervasive bioturbation that they become nondescript and appear as mottled colors. The 
rhizohaloes are commonly associated with abundant carbonate nodules. These rhizohaloes are 
found throughout the entire vertical extent of the HF, but are particularly abundant in the upper 
100 m of the section. These small-scale rhizohaloes are observed in association with both 
depletion-zone rhizohaloes and carbonate rhizoliths in several locations.  
Interpretation: These rhizoliths suggest the wide-spread presence of terrestrial plants during soil 
development and indicate well drained conditions near subaerial exposure surfaces (Kraus and 
Hasiotis, 2006; Hembree and Cadon, 2011; Blair, 2015). The dark red cores of these rhizohaloes 
indicate the presence of oxidized hematite (Kraus and Hasiotis, 2006). The green to gray haloes 
around these cores suggest the movement of hematite from the surrounding matrix toward the 
cores, causing an iron-depleted zone around the root during plant-growth.  This absorption of 
hematite suggests well-drained conditions existed within both the A and B horizons of the 
developing soil (Kraus and Hasiotis, 2006; Hembree and Cadon, 2011; Blair, 2015). The plants 
that created these wide-spread rhizohaloes are likely the primary reason that airborne silt-sized 
particles were trapped during deposition (Murphy, 1987; Scott, 2005). The presence of these 
rhizohaloes throughout most of the entire vertical extent of the HF suggests semi-arid conditions 
during eolion deposition. The uppermost ~20 lack any of these rhizoliths, which further suggests 




4.3.2 Siphonichnus isp. 
These ichnofossils are cylindrical to elliptical, vertical to subvertical burrows with 
laminated infill. Some burrows contain fossil clams in life position that are similar in 
morphology to modern razor clams (Ensis macha; Molina, 1782; Márquez and van der Molen, 
2011; Hasiotis and Rasmussen, 2010). The ichnofossils are most commonly associated with Css 
and may be crosscut by Thalassinoides and rhizoliths. There are two ichnospecies of these 
burrows in the HF: Siphonichnus philae and Siphonichnus lepusaures. 
 
4.3.2.1 Siphonichnus philae (Fig. 7A–B) 
Description: These are vertical to subvertical, straight burrows that are round to elliptical in 
cross-section and contain convex-upward laminae (Fig. 7A). Burrow diameters average 2.75 cm 
wide in the long axis and 2.28 cm wide in the short axis. Burrow diameters vary in slightly and 
in many cases tend to decrease upsection. Depth of burrows ranges from 3.2 to 62.3 cm 
depending on the thickness of the strata and amount of the burrow exposed (Fig 6B). Burrow fill 
is the same as the surrounding matrix and some burrows contain fossil clams in life position that 
are similar in morphology to modern razor clams (Ensis macha; Molina, 1782; Márquez and van 
der Molen, 2011; Hasiotis and Rasmussen, 2010).  
Interpretation: These burrows are likely created by shallow marine clams in a coastal to deltaic 
carbonate environment with relatively rapid deposition. The convex-upward, horizontal 
laminations seen in burrow fill are interpreted to indicate upward movement of these clams 
through the bed in equilibrium with deposition (Zonneveld and Gingras, 2013). Modern razor 




Figure 7. Ichnofossils present in the Halgaito Formation. A) Siphonichnus philae within a 
carbonate-cemented sandstone showing distinct concave-upward laminate with no burrow wall. 
B) Vertically-oriented S. philae showing >1 m depth into the strata. C) Siphonichnus lepusaures 
showing a single tube with convex-upward laminae bisecting into two tubes containing massive 
fill. D) Naktodemasis bowni within a mottled inceptisol horizon. E) N. bowni within a simple 
siliciclastic entisol in association with a carbonaceous root fossil. F) Thalassinoides within a 
carbonate cemented sandstone bed showing distinct branching morphology. Contains some 
evidence of a textured burrow wall (arrows). G) Scoyenia within a laminated siltstone bed <5 m 
above the McKim Limestone. Burrows are densely concentrated and crosscut each other. H) 
Ancorichnus ancorichnus within a massive siltstone bed directly above the McKim Limestone. 
Meniscate backfill weathers in bos-relief to the surrounding matrix. 
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der Molen, 2011).  They are commonly found within the upper 60cm of the surface and will 
burrow upward in response to aggradation, but may also create subhorizontal burrows (Márquez 
and van der Molen, 2011; Winter and Hosoi, 2011). The vertical orientation of these ichnofossils 
likely suggests that the rate of deposition was rapid and the clams burrowed relatively quickly to 
maintain an ideal depth in the sediment. 
 
4.3.2.1 Siphonichnus lepusaures (Fig. 7C) 
Description: These are subvertical, circular to elliptical in cross-section tubes containing 
horizontal to convex-upward laminae that bisect upward into two tubes containing massive fill. 
Burrows are between 3.0 and 2.0 cm in diameter, though are commonly wider at the base below 
the Y-branching tubes. Burrow infill in both the lower, laminated portion and upper massive 
portion is the same as the surrounding matrix.  
Interpretation: Similar to S. philae, these burrows are likely created by shallow marine clams in 
a coastal to deltaic environments with moderate deposition. Branching-upwards morphology is 
interpreted to be created by split siphons of clams (Zonneveld and Gingras, 2013). Such 
structures are recorded in modern intertidal environments in temperate regions (Zonneveld and 
Gingras, 2013).  The presence of massive infill in these structures indicates that these burrows 
were passively infilled and likely formed in moderately low-energy depositional environments 
before being rapidly buried. Fluctuations in the retreat of the Elephant Canyon seaway are likely 




4.3.3 Naktodemasis bowni. (Figs. 7D–E) 
Description: These are unlined burrows with distinct meniscate backfill that is identical to the 
surrounding matrix, but can be identified by differences in coloration.  The menisci are 
perpendicular to the length of the burrow and are adhesive, meaning they do not weather in bos 
relief from the surrounding matrix. Naktodemasis average ~0.75 cm wide and may be several cm 
in length (Fig. 7D). These ichnofossils are commonly observed in siliciclastic paleosols, 
particularly within simple and compound mottled inceptisol horizons. Naktodemasis are 
abundant in association with carbonate rhizoliths in some strata and overlapping specimens gives 
some strata a mottled coloration (Fig. 7E).  
Interpretation: These ichnofossils are created by the locomotion and habitation of soil-dwelling 
invertebrates such as juvenile or adult insects related to the orders Hemiptera and Coleoptera 
(Smith et al., 2008). The presence of Naktodemasis indicates non-saturated soils above the water 
table and generally suggests well-drained conditions (Smith et al., 2008; Hasiotis and Platt, 
2012). The association of these ichnofossils with deeply-penetrating rhizoliths suggests the 
tracemakers were feeding on developing root systems during deposition (Smith et al., 2008). 
Meniscate backfill indicates the presence of some moisture in the soil (Smith et al., 2008; 
Hasiotis and Platt, 2012). 
 
4.3.4 Thalassinoides isp. (Fig. 7F) 
Description: Three-dimensional, branching burrows that range from 1 to 3 cm in diameter (Fig. 
7F). Branches are generally oriented at ~90°.	 The infill of these burrows is the same as the 
surrounding matrix and does not contain any structure.  Thalassinoides are found within Css and 
are associated with Siphonichus isp. These burrows may be crosscut by rhizoliths. 
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Interpretation: Thalassinoides are common in high-energy shallow marine depositional 
environments (Bromley and Ekdale, 1984; Uchman, 1995; Sheehan and Schiefelbein, 1984). 
Decapod crustaceans and other arthropods are common tracemakers (Sheehan and Schiefelbein, 
1984; Myrow, 1995).  
 
4.3.5 Scoyenia isp. (Fig 7G) 
Description: Horizontal to subhorizontal, meandering cylindrical burrows with distinct lateral 
striations along the walls of the tube. No lining is present and the burrow infill is the same as the 
surrounding matrix. These ichnofossils range from 0.5 to 1.0 cm in diameter and may vary in 
width along the length of the burrow. Some burrows branch into two tubes with smaller 
diameters. These traces are commonly densely concentrated and individual burrows tend to 
crosscut each other (Fig. 7G). Some burrows are vertically oriented and appear to crosscut strata. 
Scoyenia are found in siliciclastic units and are associated with simple entisols and carbonate 
rhizoliths. These ichnofossils are not common throughout the HF and occur predominately in 
strata directly above the McKim Limestone bed and associated with calcareous rhizoliths.  
Interpretation: These burrows were likely created by soil dwelling invertebrates and are 
generally interpreted as actively-filled locomotion structures (Frey et al., 1984; Hasiotis, 2006). 
Commonly, the tracemakers of Scoyenia are interpreted to be arthropods, including insects (Frey 
et al., 1984; Hasiotis and Dubiel, 1993). The textured surface of the burrow is interpreted as 
scratch marks from the tracemaker’s limbs and the preservation of such scratch marks suggests 
development in fine-grained soils with a high moisture content (Hasiotis and Dubiel, 1993). 
Scoyenia has previously been found in floodplain and marginal lacustrine depositional 
environments and when abundant, indicate high water tables (Frey et al., 1984; Hasiotis and 
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Dubiel, 1993). The association of Scoyenia with immature soil development and carbonate 
rhizoliths is consistent with the interpretation that these ichnofossils were formed in poorly-
drained conditions. The branching morphology observed in HF Scoyenia is not common for this 
ichnogenus and may indicate a different tracemaker than in previously described examples. 
 
4.3.6 Ancorichnus ancorichnus (Fig. 7H) 
Description: Lined, single burrows with chevron-shaped meniscate backfill (Fig. 7H). These 
ichnofossils are ~2 cm wide and up to ~16 cm in length. Meniscae are ~0.5 cm thick and weather 
differentially from the surrounding matrix material. The burrows have a thin mud lining and the 
internal meniscate do not cross this lining (arrows). Meniscate backfill is the same lithology as 
the surrounding matrix. Similar to Scoyenia, Ancorichnus are found associated with simple 
siliciclastic entisols and carbonate rhizoliths. These ichnofossils are not common and only occur 
associated with fluvially reworked sediment (Ssc).  
Interpetation: These burrows are commonly interpreted to be created by deposit feeding, soft-
bodied invertebrates such as larvae or sipunculid worms (Frey et al., 1984). Ancorichnus is 
commonly associated with wet floodplain environments (Frey et al., 1984).  The preservation of 
distinct chevron-shaped meniscae indicates these burrows were created in relatively saturated 
sediments and were likely quickly cemented by carbonate dissolved in the groundwater from the 
surrounding matrix. The association of these burrows with immature paleosols like simple 






The HF has a complex depositional history with multiple interpretations (e.g., Kunkle, 
1958; Wengerd, 1958; Baars, 1962; Ohlen and McIntyre, 1965; Baars and Stevenson, 1987; 
Barbeau, 2003). This formation lies at the interface between the underlying, predominately 
marine units of the Hermosa Group and the overlying continental units of the Cutler Group and 
contains characteristics of both systems. Due to this depositional complexity the stratigraphic 
nomenclature of the northern Paradox basin, including the HF has been contentious (e.g., Baars, 
1962; Ohlen and McIntyre, 1965; Baars and Stevenson, 1987: Murphy, 1987). This controversy 
can be partially explained by the interbedded marine and continental features present in the HF. 
This study uses a combined sedimentological, ichnological, and paleopedological approach to 
refine the depositional history of the HF and to help place it into a regional depositional model of 
the northern Paradox basin (Loope et al., 1990; Scott, 2005).    
Marine deposits often contain ichnofossils from organisms reacting to a variety of 
physicochemical factors such as media, nutrients, salinity, turbidity, temperature, and oxygen. 
These ichnofossil suites are useful for interpreting depositional environments (e.g., Ekdale and 
Bromley, 1984; Bromley, 1996; Hasiotis, 2006). Continental deposits also contain abundant 
ichnofossils created by soil-dwelling organisms reacting to physicochemical factors such as soil 
moisture, temperature, seasonality, and precipitation (e.g., Hasiotis et al., 1993; Hasiotis and 
Dubiel, 1994; Hasiotis and Platt, 2012). The behavior of organisms and the distribution of 
ichnofossils in continental environments; however, is spatially variable and less well understood 
(e.g., Taylor and Goldring, 1993; Hasiotis and Platt, 2012). Due to the lateral variability of 
continental ichnofossil suites, associated paleosols are used to put these traces into context. 




5.1 Stratigraphic interpretations 
 Five measured sections from the HF were used to correlate strata across the Cedar Mesa 
(Fig. 1; Supplemental Figs. 1–5). The generalized stratigraphic architecture is shown in Figure 4. 
Paleosol development throughout the HF is interpreted in Figure 8. Generally, the HF can be 
subdivided into a lower marine-dominated section and an upper eolian- and fluvial-dominated 
section (Fig. 4). Additionally, there is an observable trend of deepening water table levels 
upsection throughout the HF (Fig. 4).  
 
5.1.1 Marine-dominated deposition 
The basal ~38 m of the HF is dominated by highly bioturbated marine deposits (Cws and 
Css) with interbedded laminated and mottled siltstone (Stl and Stb). This section has previously 
been referred to as the Rico Formation by some authors (e.g., Baars, 1962; Loope, 1984; 
Murphy, 1987; Scott, 2005). This lowest section of the HF shares several characteristics with the 
underlying Honaker Trail Formation, but has been differentiated based on a transition in 
packstone composition from brachiopod-dominated to bivalve-dominated―possibly reflecting a 
shift from offshore to more nearshore conditions (Baars, 1962; Murphy, 1987). Interbedded 
mottled siltstones and calcareous root fossils indicate an overall transition from marine to 
continental deposition in this section. The laterally extensive McKim Limestone bed, a 
calcareous sandstone, indicates the last wide-spread marine depositional event in in the HF (Fig. 
4). 
Marine wackstone–packstone (Cws) beds are similar in lithology to deposits in the 
underlying marine Honaker Trail Formation and were deposited in a carbonate nearshore to 
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foreshore environment and were likely formed during fluctuations in the retreat of the Elephant 
Canyon Seaway. The clasts in these beds are dominated by crinoid stems, but also include 
brachiopod, bivalve, and gastropod shell fragments. The basal packstone bed of the HF contains 
trough crossbeds with mud drapes indicating a significant tidal influence on deposition. 
Thalassinoides are present in Cws, which further suggest a relatively high-energy intertidal 
foreshore environment. These beds contain some whole and fragmented bivalves, but lack 
abundant Siphonichnus. Rhizoliths are rare and therefore suggest that these wackestone–
packstone beds were restricted to intertidal environments and only infrequently subaerially 
exposed.  
Carbonate-cemented sandstone deposits (Css) are interbedded with wackestone-
packstone units and were likely deposited in foreshore to backshore environments during the 
punctuated retreat of the Elephant Canyon seaway. The base of these units commonly consists of 
a thin, low-energy laminated green shale bed that grades quickly upsection to a thick, 
crossbedded to massive sandstone. These sandstone beds are heavily bioturbated and commonly 
contain bivalve shells and abundant Siphonichnus philae and Siphonichnus lepusaures. The 
depth and vertical orientation of these bivalve traces suggests rapid deposition. These carbonate-
cemented sandstone beds also contain Thalassinoides, further suggesting high-energy shallow-
marine environments. The beds are commonly capped by subaerial exposure surfaces containing 
well-preserved calcareous root fossils and few granular peds (Fig. 8). These root fossils do not 
penetrate deeply into the sediment, indicating that the water table was shallow during plant 
development. Paleosols horizons are classified as calcareous enitsols and were likely not exposed 





Figure 8. Box diagrams illustrating development of the three types of paleosols found in the 
Halgaito Formation. Initial condition of the strata is shown at the bottom of the figure and final 
paleosols development is shown at the top of the figure. 
 
backshore intertidal environment than the wackestone–packstone beds and indicate increasing 
wave energy upsection throughout the marine portion of the HF.  
Laminated and mottled siltstone deposits (Stl and Stb) interbedded within the marine-
dominated section of the HF were likely deposited during short-term periods of subaerial 
exposure. Laminated siltstone is a common characteristic of silt-dominated eolian deposits 
(Murphy, 1987; Scott, 2005; 2013). Ichnologic features suggesting subaerial exposure within 
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these beds include small-scale iron-oxide rhizohaloes, shallow depletion-zone rhizohaloes that 
are > 0.4 m deep, Scoyenia, and Ancorichnus ancorichnus. Paleosol horizons containing blocky 
peds and carbonate nodules are classified as simple siliciclastic entisols and some mottled 
inceptisols. The presence of shallow rhizoliths, Scoyenia, and Ancorichnus ancorichnus suggests 
persistently high water table levels during deposition and paleosols development.  
 
5.1.2 Eolian-dominated deposition 
 The upper ~120 m of the HF is dominated by continental siltstone deposits (Stl, Stm, and 
Stc) with occasional laterally discontinuous, lenticular fluvial sandstones (Ssc). Siltstone beds 
commonly transition from laminated (Stl) to massive or crossbedded (Stm and Stc) upsection 
and suggest eolian deposition of siltstone as the Elephant Canyon seaway retreated to the north. 
These sediments were sourced from exposed, underying Mississippian–Pennsylvanian-aged 
deposits as the seaway progressed northward (Murphy, 1987). This upper portion of the HF 
displays an overall trend of increasing aridity and deeper water table levels upsection (Fig 7). 
The first ~25 m of the HF above the McKim Limestone was deposited near onshore from 
the Elephant Canyon seaway and contains several features that indicate predominately high 
water tables that were at or near the surface. These beds are characterized by 1–2 m-thick 
laminated siltstone–very fine-grained sandstone (Stl) with some interbedded mottled siltstone 
(Stb) and occasional crossbeds (Stc). Such ichnofossils as Scoyenia and Ancorichnus 
ancorichnus suggest poorly-drained conditions. The presence of calcareous rhizoliths indicates 
moderate drainage and suggests some water table fluctuation during paleosols development. 
Abundant dewatering structures in Stl within 10 m above and below the McKim Limestone 
suggest saturated conditions during deposition. Paleosol horizons within this section are 
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classified as simple siliciclastic entisols and were likely only exposed for relatively short-term 
durations.  
Strata ~60–100 m above the base of the HF suggest deepening water tables upsection in 
association with rapid eolian deposition. The strata are characterized by 1–2 m-thick beds that 
commonly transition upsection from laminated siltstone (Stl) to crossbedded siltstone–very fine-
grained sandstone (Stc) with rare interbedded mottled siltstone (Stb). The presence of deeply 
penetrating rhizohaloes, iron-oxide rhizohaloes, and Naktodemasis bowni indicate well-drained 
soils and deepening water tables compared with underlying strata. The paleosols within this 
section are classified as mottled inceptisols which may be simple or occasionally cumulative.  
The uppermost ~50 m of the HF was likely deposited in an increasingly arid environment 
with very deep water tables. The lithofacies in this portion of the HF consist primarily of thick, 
massive and crossbedded siltstones (Stm and Stc) indicating rapid eolian deposition. Laminations 
may still be present in some beds (Stl) but become uncommon toward the top of the section. 
These strata are less bioturbated than the underlying beds in the previous sections where soil 
conditions were wetter and water tables were shallower.  Calcareous rhizoliths and deeply-
penetrating depletion-zone rhizohaloes are rare, but few other ichnological features are present. 
This section contains some mottled inceptisols but the uppermost 10 m shows little to no 
pedogenic modification with the exception of a ~0.5 m thick mottled inceptisol at the boundary 
with the overlying eolian Cedar Mesa Sandstone. 
 
5.1.3 Fluvial influence 
 Fluvial deposits in the HF are characterized by < 1 m-thick laterally discontinuous 
crossbedded sandstones (Ssc) that are commonly not bioturbated but may contain some 
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calcareous rhizoliths. These beds occur sporadically throughout the eolian-dominated upper 
strata of the HF (~40–155 m), but are most abundant in the uppermost 35 m of the section (Fig 7) 
and are associated with the thickest cumulative inceptisol horizons. These beds are interpreted to 
have been deposited rapidly during flooding events and the presence of these sandstones in the 
uppermost beds of the HF indicates that deposition became more punctuated over time (Plink-
Björklund, 2015). Unlike the eolian beds of the HF, these fluvial deposits were likely ephemeral 
streams sourced from the Uncompagre uplift (Murphy, 1987). These beds are volumetrically 
small compared to eolian strata, however, and were not the primary means of deposition within 




Ichnological and paleopedological studies have the potential to refine the depositional 
histories of mixed carbonate and siliciclastic systems, which commonly contain thin beds with 
rapidly changing facies. By utilizing both continental and marine ichnofossil assemblages in 
association with paleosol development this study has been able to interpret the depositional 
environment of the HF on a finer scale than previous studies (Hasiotis and Platt, 2012). Previous 
studies have shown a general decrease in sea-level associated with the deposition of the HF as 
well as the presence of paleosols (Murphy, 1987: Scott, 2005, 2013). This study, however, is the 
first to integrate ichnofossils with paleosol development and shows how the retreat of the 
Elephant Canyon Seaway affected the HF throughout its depositional history. 
 This study shows that the deposition of the HF was primarily related to the retreat of the 
Elephant Canyon Seaway to the northwest out of the Paradox basin from the Upper 
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Pennsylvanian to Permian. The lower, marine portion of the HF shows a trend of decreasing sea 
level and increasing wave influence upsection and transitions from intertidal foreshore 
wackestone deposits to nearshore, wave-dominated carbonate-cemented sandstone deposits with 
ichnofossil assemblages dominated by Siphonichnus and Thalassinoides. Paleosol development 
shows that the sea level decrease was punctuated with at least 4 transgressions during deposition. 
These paleosols are characterized by shallow, mostly horizontal carbonate impregnated 
rhizoliths.  The McKim Limestone is the uppermost bed deposited in a marine environment and 
indicates the last wide-spread marine influence in the HF.  
 Strata above the McKim Limestone are primarily interpreted to be eolian siltstones which 
were sourced from underlying Mississippian–Pennsylvanian deposits to the northwest that 
became exposed during the retreat of the Elephant Canyon seaway (Murphy, 1987). These eolian 
deposits are carbonate-cemented siltstones and contain entisols and inceptisols. Beds 
immediately overlying the McKim Limestone contain simple paleosols and such ichnofossils as 
Scoyenia and Ancorichnus indicating poorly-drained conditions. Paleosol development generally 
increases upsection where increasing rhizolith depths and abundant Naktodemasis suggest better 
drained conditions. The uppermost beds of the HF are crossbedded, contain little paleosol 
development and few ichnofossils indicating a transition to more arid conditions prior to the 
deposition of the Cedar Mesa Formation.  
Thin, crossbedded fluvial strata are also observed throughout the HF and were likely 
sourced from the highlands of the Uncompagre uplift. These fluvial beds are laterally 
discontinuous, and compose little of the HF volumetrically. This indicates that the highlands of 
the Uncompagre uplift did not become a significant source of sediment in the study area until the 
deposition of the overlying Cedar Mesa Formation. Therefore, this study supports the 
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interpretation that the HF should be considered the uppermost formation of the Hermosa Group 
(Rasmussen, 2014).  
The Paradox basin contains abundant mixed carbonate and siliciclastic units, many of 
which are active or potential oil and gas reservoirs. The Paradox Basin has produced over 630 
MMBO and 560 BCFG since drilling began (Whidden et al., 2014). Mississippian and Lower 
Pennsylvanian carbonate units within the basin have been the most productive (Ohlen and 
McIntyre, 1965; Peterson and Hite, 1969; Whidden et al., 2014); however, small reservoirs 
within isolated siliciclastic bodies are found in Upper Pennsylvanian (Cole et al., 1996; Whidden 
et al., 2014). This study helps characterize the subsurface of the northern Paradox basin at a 
higher resolution than possible with sedimentological techniques alone and aids in targeting the 
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Supplemental Figure 1. Stratigraphic column GH-1 showing lithology, sedimentological 
structures, paleontology, and ichnological features. Section was measured along the Moki 
Dugway and contains the continental portion of the Halgaito Formation from the top of the 








Supplemental Figure 2. Stratigraphic column GH-2 showing lithology, sedimentological 
structures, paleontology, and ichnological features. Section was measured on the south side of 






Supplemental Figure 3. Stratigraphic column GH-3 showing lithology, sedimentological 
structures, paleontology, and ichnological features. Section was measured ~0.5 km north of GH-











Supplemental Figure 4. Stratigraphic column GH-4 showing lithology, sedimentological 
structures, paleontology, and ichnological features. Section was measured ~2 km south of the 
Cedar Mesa near the top of the Honaker Trail. Section contains the marine portion of the 
Halgaito formation up to the McKim Limestone. Part of the Honaker Trail Formation was 









Supplemental Figure 5. Stratigraphic column GH-5 showing lithology, sedimentological 
structures, paleontology, and ichnological features. Section was measured on the southwest 




CHAPTER 5. CONCLUSIONS 
 
 
This dissertation shows that ichnological analysis is an important part of both 
hydrogeology and petroleum geology, due to its significance in aquifer and reservoir quality as 
well as for environmental interpretations. Ichnological assessments lead to a better understanding 
of the hydrological effects of bioturbation on sedimentary facies and stratigraphy and 
consequently on subsurface fluid pathways. Ichnofossils may directly affect physical 
characteristics such as porosity and permeability as well as be used to create robust, high-
resolution geologic frameworks. Ichnofossils may be studied in both outcrop and core, making 
them easily accessible to most studies. Ichnological assessment has become increasing common 
in hydrocarbon reservoir analysis but is still commonly overlooked component of freshwater 
aquifers.  
 Characterizing the bioturbation-influenced fluid pathways within the karstic Glen Rose 
Limestone (GRL) requires the integration of lithology, structural and karstic features, and 
ichnology. Bioturbation commonly homogenizes sediment destroying coarse-grained horizons 
that direct fluid flow within aquifers that contain significant intergranular flow (Gingras et al., 
2007; Tonkin et al., 2010). Many karstic systems, conversely, cannot transmit fluids through 
interparticle porosity rely on non-fabric selective fluid pathways such as fractures or burrow 
networks (Achauer, 1977; Cunningham and Sukop, 2011, 2012). The GRL is a telogenic karstic 
deposit and contains significant amounts of mud and marl. Meteoric water enters the GRL is 
through the Balcones Fault zone, a series of near-vertical fractures and is moved laterally 
through beds via large-scale Thalassinoides-dominated pore networks.  
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 Most GRL hydrostratigraphic units (HSUs) contain m-scale coarsening-upward 
successions with decreasing-upward ichnofabric indices (ii). Bases of these successions are 
muddy, nodular strata with abundant bioturbation (ii5–6). These homogenized zones lack fluid 
pathways and do not transmit water readily. The successions grade upward into strata with 
moderate bioturbation (ii3–4) consisting of Thalassinoides networks as well as Ophiomorpha, 
and occasional Palaeophycus. These traces create well-developed burrow networks that are 
commonly filled with coarse-grained, higher permeability material than the surrounding matrix. 
These moderately-bioturbated zones are more commonly observed in transmissive HSUs and are 
interpreted as the most prominent area of bioturbation influenced porosity and permeability. The 
tops of successions sometimes consist of mildly bioturbated (ii1–2) strata where fluid flow 
would be restricted to intergranular pore space. 
 The ichnological patterns that were identified in outcrop were also directly correlated to 
wireline log data. The GRL is fairly unusual as it can be observed in both outcrop and subsurface 
due to the offsets caused by the Balcones Fault Zone. Traditional resistivity and natural gamma 
logs were used to show that interconnected bioturbation-influenced porosity can be identified 
and correlated in the subsurface. The m-scale successions containing interconnected 
Thalassinoides networks identified from outcrop were identified in logs from the Camp Stanley 
Storage Activity and support the interpretation that these networks are a primary control on fluid 
pathways.  Zone with high resistivity (> 300 Ω-m) correlate with Thalassinoides networks in 
core and very high resistivity (> 650 Ω-m) correlate to significant solution enhanced burrows. 
These high-resistivity zones were previously interpreted as karstic features (e.g., Wierman et al., 
2010), but all wells within the GRL display such cyclical resistivity kicks, even when not located 
in proximity to major faults and associated karstic features. 
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 The results of these studies on the GRL are important because commonly used methods 
to measure porosity and permeability usually only account for intergranular matrix porosity. 
Methods such as point-counting and helium-expansion porosity and permeability testing do not 
accurately reflect the subsurface hydrological characteristics of karstic strata and will almost 
always underestimate potential fluid flow (Cunningham et al., 2009). The overall transmissivity 
of HSUs within the GRL is more complex and depends on the interaction of ichnofabric index, 
fracture density, and karstic features. Therefore, an integrated approach using ichnology, 
sedimentology, and petrophysics is needed to create a complete geologic framework for the 
Trinity aquifer.  
 Ichnological assessments are not only limited to direct hydrological properties but can 
also be used to gain a better understanding of sedimentary facies and stratigraphy and 
consequently on potential reservoir architectures. Ichnologic and paleopedologic analyses from 
the Pennsylvanian–Permian Halgaito Formation (HF) show that such studies supplement 
sedimentological and stratigraphic data for interpreting depositional history and subsurface facies 
architecture. This study was able to interpret the paleoenvironmental history of the HF at a finer 
scale than previous work and demonstrated how the retreat of the Elephant Canyon Seaway out 
of the northern Paradox basin affected deposition in the region. 
 Previous paleoenvironmental and paleogeographic interpretations for the HF were 
commonly at odds, likely because the HF lies at the interface between a carbonate ramp system 
and an alluvial–eolian system. Ichnofossils and paleosol development in the lower portion of the 
HF indicate that the retreated of the Elephant Canyon seaway out of the Paradox basin was 
punctuated with at least 4 transgressions. Above these transgressive units, HF strata is primarily 
interpreted to be eolian siltstones. Paleosol development generally increases upsection and 
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ichnofossils suggest better drained conditions. The uppermost beds of the HF contain little 
paleosol development and few ichnofossils indicating a transition to more arid conditions prior to 
the deposition of the overlying Cedar Mesa Formation. 
The combined results of this dissertation indicate that ichnologic assessment is invaluable 
to the characterization of both freshwater aquifers and hydrocarbon reservoirs that are often 
overlooked. Ichnofossils may directly affect the porosity and permeability characteristics of a 
unit or be used to refine the paleoenvironmental and paleogeographic history of a unit. 
Combining ichnological assessment with sedimentological and structural studies will contribute 
towards better aquifer characterization as well as better predictions of vertical and lateral 
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